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On THE MECHANISM OF THE ACTION OF ASCORBIC ACID IN THE Bopy 


Although numerous studies have been carried out on the gross and microscopic 
changes occurring in tissues in vitamin C deficiency, the mechanisms by which the 
effects are produced are still largely unresolved. 

A survey of the pathological changes leads to the conclusion that the primary 
effect of ascorbic acid deficiency is an abnormality in the intercellular material, or 
perhaps at the cell surface, leading to changes in the bones and small blood vessels. 
In cases of this vitamin deficiency, formation of cartilage and bone is stopped, and 
the junction of epiphysial cartilage and bone is weakened. The widespread oc- 
currence of hemorrhages points to the failure of the cells in the vessel walls to ad- 
here normally and retain their functions as closed tubes, impervious to erythrocytes. 
This is due to failure in the formation and maintenance of intercellular materials 
and consequent weakness of the tissue (Wolbach and Bessey, 1942). The phe- 
nomena are of considerable interest to the cellular physiologist for they point clearly 
to some relation between cell structure and pathology, arising from a biochemical 
deficiency. Some of these questions of cellular action have been covered in a re- 
view by Reid (1943). 

It appeared to be of some value to investigate the influence of l-ascorbic acid on 
cell division, because of the likelihood of some action on the cell surface, which 
might alter conditions there so as to produce an effect on cell division which can 
be measured quantitatively by known methods (Shapiro, 1941). Results to date 
indicate that ascorbic acid does not play a major role in tissue respiration since 
vitamin C depleted tissues show little reduction of oxygen consumption, and but 
a small increase when the vitamin is added (Stotz and Harrer, 1937). Stark, 
Gordon and Christensen state (in Elvehjem and Wilson, 1939), “it must be recog- 
nized that there has been assigned to ascorbic acid no respiratory function in animal 
physiology.” This does not exclude the possibility that vitamin C might still play 
a minor role in cell oxidations, at the same time that it determines the form of the 
histological picture. 

* Special Research Fellow, Laboratory of Physical Biology, National Institute of Health, 
Bethesda, Maryland. 
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Wolbach and Howe (1926) confirmed the fact that in scorbutus vitamin C is the 
only factor necessary for producing normal intercellular material. The deposition 
of homogeneous bone matrix was observed to make its appearance within a day of 
administering vitamin C to scorbutic guinea pigs. An inadequate ascorbic acid 
level in the body affects the collagen of fibrous tissues, bone dentine and cartilage 
matrices, and all non-epithelial cement substances, including that of the vascular 
endothelium (Wolbach, 1937). Another line of evidence hinting at the importance 
of vitamin C in cell division is that adduced by Phillips et al. (1940 and 1941). 
Ascorbic acid is concerned with the production of virile sperm in the bull, and is in- 
volved in the early phases of reproductive processes in the cow. Vitamin C ad- 
ministered to impotent bulls led to an elevation of the vitamin C level in both semen 
and blood plasma, and to a corresponding improvement in the breeding potency of 
the bull. 


2. AGENTS AFFECTING THE RATE OF CELL DIVISION 


The rate of cell division may be altered by a variety of operations, e.g., by in- 
fluencing the metabolic activity of the cell, the viscous and other intracellular forces, 
the cell surface, or by operating on a combination of these factors. Agents like 
cyanide, which profoundly depress cell respiration, will completely inhibit the cell 
division of the sea urchin egg. Calcium, on the other hand, will accelerate or re- 
tard cell division depending upon its concentration, and appears to act primarily on 
the cell surface (Shapiro, 1941). An absence of calcium leads to a disintegration 
of the embryo, occasioned by a falling apart of the cells (Herbst, 1900), and a gen- 
eral appearance of softness.. With adequate calcium, the rapidly changing form of 
the embryo passes through its normal configurations, whereas with excess calcium, 
the rate of cell division is retarded. In this manner, if an effect on cellular metab- 
olism can be eliminated, the influence upon the cell surface may be studied by ob- 
serving the effect on the rate of cell division. The mechanism may be either a 
physical or physico-chemical one ; in the case of the sea urchin egg, it was suggested 
that the calcium may combine quantitatively with protein at the cell surface accord- 
ing to a mass-action relationship, and thus alter the spatial relationship between 
these molecules in the surface and so change its mechanical properties (cf. also 
Zweifach, 1940). 


3. Viramin C ContTENT OF NORMAL AND MALIGNANT TISSUE 


Since cancerous tissue represents an abnormal growth with numerous cell divi- 
sions in a localized area, it is relevant to examine the results of studies of the effect 
of ascorbic acid administration and determinations of ascorbic acid content in such 
tissues. 

Yovarsky et al. (1934), investigating the vitamin C content of various human 
organs, arrived at a range of from about 0.55 mgm. per gram for adrenal tissue, to 
about 0.40 mgm. for heart tissue, with wide individual variations. Musulin and 
collaborators (1936) using a dye titration method, found 0.61 mgm. ascorbic acid 
per gram of Philadelphia No. 1 rat sarcoma, with very little necrosis ; 0.04 mgm./ 
gm. in a human large liver carcinoma with severe necrosis; and 0.18 mgm./gm. in 
a human benign uterine tumor with slight necrosis. 
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Arloing et al. (1935) injected intravenously various dyes combined with vitamin 
C and ferrous and ferric chlorides. Occasional regressions of rabbit testicular tu- 
mors were observed, and in some human cancers of the tongue, tonsil, stomach and 
uterus, a retardation of growth and improvement in general condition. Severe 
edema was often produced near the tumor. 

Boyland (1936) found that the indophenol-reducing potency of the Dael and 
Biltris transplantable guinea pig sarcoma is much reduced when the animal is 
maintained on a scorbutic diet. In this respect it behaves like normal tissues. 
When injected into scorbutic guinea pigs, ascorbic acid is selectively absorbed by 
the tumor tissue as well as by those tissues normally containing ascorbic acid. As- 
corbic acid was found by Andervont and Shimkin (1939) to prevent the appearance 
of hemhorrage and ensuing regression of transplanted tumors treated with bacterial 
filtrate. They postulated that the bacterial filtrate lowered the ascorbic acid con- 
tent of the tumor, and weakened its capillaries, with resultant hemorrhagic extra- 
vasation. Minor and Ramirez (1942) working with hospital patients, reported that 
the daily utilization of vitamin C averaged 67 mgm. for noncancerous patients, 68 
mgm. for a patient with localized cancer, and 125 mgm. for patients with meta- 
static cancer. They suggested an accelerated usage of vitamin C by carcinomatous 
tissue. A. F. Watson (1936) had earlier found that the vitamin C reserves in the 
tissues of guinea pigs on a scorbutic diet are exhausted more rapidly if the animals 
are supporting rapidly growing tumors. Carruthers and Suntzeff (1942) observed 
that the ascorbic acid content calculated on the basis of weight: of original tissue 
is significantly less in carcinomas than in the epidermis of normal mice, benzene- 
treated controls, or methylcholanthrene-treated mice. Although they found fur- 
ther that the ratio of ascorbic acid to nucleoprotein phosphorus was nearly the same 
for all groups, it does not abolish the significance of the differential ascorbic acid 
values found on the basis of wet weight. Robertson (1943), however, determined 
the ascorbic acid content of 22 tumors (of rat and mouse) and of comparable normal 
tissues. The ascorbic acid content of the tumors ranged from 15 to 70 mgm. per 
100 gm. of fresh tissue. The ascorbic acid content of the tumors was not related 
to that of the tissues of origin. Robertson also concluded that no correlation be- 
tween ascorbic acid concentration and rate of growth was apparent. Vogelaar and 
Erlichman (1937), studying the im vitro growth of Crocker mouse sarcoma 180, 
decided that vitamin C stimulates both the emigration of cells and the frequency of 
cell division, but furnished no quantitative measurements in substantiation. 

In assessing the above results it should be borne in mind that apart from ascorbic 
acid, 2:6 dichloroindophenol will be non-specifically reduced by substances like 
stannous and ferrous salts, sulfites, sulfhydryl compounds, sulfides, thiosulfates, re- 
ductinic acid and “reductones,” the latter formed by fermentation, or by splitting of 
sugars by heat at a suitable pH, and especially in the presence of protein (Farmer, 
1944). These substances may have a structure similar to ascorbic acid with an 
aldol type of condensation between carbohydrate and protein derivatives. 


4. EXPERIMENTAL PROCEDURE 


The following technic was adopted in order to measure the time required by 
fifty per cent of a population of cells to undergo first division in embryological 
development. Crystalline ascorbic acid (Eastman Kodak Co., Rochester, N. Y.) 
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was used and the solutions made up shortly before use. The eggs of the sea urchin, 
Arabacia punctulata, were handled as in previous studies, e.g. (Shapiro, 1941). 
All eggs used in any given experiment were obtained from a single urchin in 
order to obtain the most homogeneous cell population available. 3 ml. egg sus- 
pensions were pipetted into a pair of 300 ml. Erlenmeyer flasks, forming a shal- 
low layer on the bottom of each flask, to facilitate gaseous interchange. The 
flasks were immersed in a constant temperature bath at 26.1° C. + 0.002° C., con- 
trolled by a thermionic relay. Thermostatic control is necessary since the rate 
of cell division is known to be markedly affected by temperature (Loeb and 
Wasteneys, 1911; Hoadley and Brill, 1937). After temperature equilibration 
(about ten minutes), the eggs in both control and experimental flask were ferti- 
lized at the same time by the addition to each flask of 6 drops of a previously 
prepared suspension of sperm in sea water, and both flasks were shaken while 
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Figure 1. Cleavage curve showing the absence of effect at low concentrations of vitamin 
C, and the superposition of the two curves. Open circles, control eggs in sea water; closed 
circles, eggs in sea water containing 2.62 * 10° molar vitamin C. 


immersed, to distribute the sperm. After this the flasks were clamped in 
a stationary position. Oxygen was passed through sea water, and then over the 
shallow layer of eggs in each flask, to insure adequate oxygenation throughout 
the experiment. At regular intervals samples of the eggs were removed, and fixed 
for subsequent counts of per cent cleavage (cf. Fig. 1). At much later intervals, 
after the experiment, the eggs were examined to check for normal developments. 

Where small effects on cleavage rate are encountered, it is essential to observe 
three precautions outlined above, in order to obtain reproducible results. Tempera- 
ture must be controlled, adequate oxygenation insured, and the curve of cleavage 


1 Owing to the buffering capacity of sea water and the small amounts of vitamin C used, 
it is unlikely that the pH of the sea water was reduced from its normal value (approximately 
8.1) to the region where pH is known to exert an influence on cell division (below pH 5.8, 
Smith and Clowes, 1924). 
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as a function of time determined by an adequate number of samples, and plotted. 
Simple observation of eggs in syracuse watch glasses at the side of the aquarium 
may be satisfactory where gross retardation of many minutes is observed, but for 
optimal quantitative results the experience of the writer has led to the adoption of 
the above technic. Since a population of cells is being observed, with a statistical 
distribution of the time at which the cell divides, sigmoid curves of the types shown 
in figures one and two are obtained. The slope at the midpoint is variable, and de- 
pends upon the condition of the eggs, as well as the time in the breeding season 
when they are used. 


5. RESULTS 


The data (Fig. 2 A-D) demonstrate clearly that vitamin C added to a sus- 
pension of eggs will delay cell division at all concentrations above a minimal 
one. The slowing down of cleavage is more effective the higher the concentra- 
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Figure 2. A, B, C and D show the increasing retardation of cell division with increasing 
concentration of vitamin C. The concentrations are given to the right of each pair of curves. 
Open circles, controls; closed circles, eggs in sea water with vitamin C. 


tion, but as evidenced in Figure 2 A-C, the cells are not prevented ultimately from 
undergoing the same total per cent cleavage as the controls. At the concentra- 
tion shown in Figure 2 D (1.57 x 10° molar), not only is there a considerable 
delay in cleavage, but it appears that in approximately 22 per cent of the cells, 
cleavage is entirely inhibited. At very high concentrations of vitamin C the agent 
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becames toxic, and cell division can be inhibited in 100 per cent of the cells; more- 
over, the reaction leading to elevation of the fertilization membrane is likewise 
prevented. No concentration was found at which cleavage was accelerated. 

In Figure 3, the amount of delay is plotted as a function of vitamin concentra- 
tion. In the range studied (up to 277 micrograms per ml.), the relationship is a 
linear one, except at the very low concentrations, in the region of 0 to 5 micrograms 
per ml. 
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Ficure 3. Concentration effect of vitamin C in retarding cell division. 


6. SUMMARY 


a. Eggs of the sea urchin, Arbacia punctulata, were exposed to concentrations 
of vitamin C in sea water, varying from 2.62 x 10° molar to 1.57 x 10°* molar. 
The rate of cell division was determined by measuring the time required for 50 
per cent of the cells to go through first cleavage. 

b. Beginning with approximately 10°° molar solutions, a definite retardation 
of cell division was observed. At high concentrations, complete inhibition of 
division occurred. At an intermediate concentration, the total percentage of cells 
dividing may be reduced from 100 per cent to some smaller figure. 

c. Although cleavage was retarded in the presence of vitamin C, it appeared to 
be normal in other respects, with the exception of irregular cleavages at the high 
concentrations. 

d. The slowing down of the rate of cell division appears to be roughly a linear 
function of the concentration, beyond a minimal concentration. 
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EXCYSTMENT IN THE CILIATE BURSARIA TRUNCATELLA 


C. DALE BEERS 


Department of Zoology, University of North Carolina, Chapel Hill, and the Mt. Desert Island 
Biological Laboratory, Salsbury Cove, Maine 


INTRODUCTION 


The resting cyst of Bursaria truncatella was first described and figured by 
Cienkowsky (1855). Further observations were made by Brauer (1886), Biitschli 
(1887-89), Lund (1917), Penard (1922), Kahl (1932), and Poljansky (1934), 
.so that its general structure is well-known. The cyst is spherical and has only 
two clearly recognizable membranes. Perhaps a third is present, since Poljansky, 
by treating the cysts with hypertonic salt solutions (method of Ilowaisky, 1926), 
was able to observe on the surface of the shrunken protoplast delicate folds which 
he interpreted as an innermost membrane or intimocyst. Whether these folds 
represent a valid membrane or a surface differentiation of the cytoplasm is not 
clear. The two readily observable membranes are a thin, inner endocyst and a 
thick, outer ectocyst whose relation to the inner membrane confers on the cyst its 
peculiar features of structure. The outer surface of the ectocyst is not smooth, but 
faceted. The center of each facet is depressed and is attached to the endocyst by 
a short, cylindrical bridge (Fig. +). The bridges have been referred to by a va- 
riety of names, among them, Stabchen (Brauer), Strange and Faden ( Biitschli). 
tubes (Penard), Balken (Kahl), and Ftisschen (Poljansky). For brevity and 
accuracy Buitschli’s description of the cyst (p. 1726) can scarcely be surpassed : 
“Cyste kuglig, mit doppelter Hulle; die innere an mehreren Punkten an der aus- 
seren befestigt und letztere daher an diesen Stellen dellenartig eingezogen.” Thus 
the ectocyst presents externally many roughly circular or polygonal depressions 
which are separated one from another by ridges. The ectocyst is apparently un- 
attached to the endocyst in the areas between the bridges. It can be readily sepa- 
rated from the endocyst, according to Brauer, leaving the bridges attached to the 
latter. Thus the bridges appear to be derivatives of the endocyst. 

One of the facets is somewhat larger than the others and bears what appears to 
be an unusually large bridge. Various names have been applied to this structure: 
Pfropf (Bitschli), hilum (Lund), collerette (Penard), and Cystendeckel ( Pol- 
jansky). The use of these varied terms indicates that its true nature has not been 
clearly recognized. Its significance becomes evident only when the process of 
excystment is observed. Then it proves to be analogous to the micropyle of a 
Spongillid gemmule; it is an aperture of exit or emergence pore. Although the 
terms Pfropf and Cystendeckel suggest such a function, I have been unable to find 
in the literature a description of the actual excystment process. The present paper 
describes the process and includes some further observations on the properties and 
structure of the cysts. 
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EXCYSTMENT IN BURSARIA TRUNCATELLA 
MATERIAL; MetTHop oF INDUCING ENCYSTMENT 


In late August 1946, Bursaria truncatella appeared in considerable numbers 
in two large culture dishes in the laboratory. These contained the water, bottom 
sediment, and usual detritus of a recent collection from a temporary pool near 
Chapel Hill, North Carolina. With the addition of a little hay infusion from time 
to time Bursaria flourished in the dishes for a month, feeding largely on Arcella, 
Colpidium and Paramecium bursaria and dividing to all appearances exclusively 
by night. This peculiar habit of nocturnal division was noted by Schmahl (1926) 
and is unexplained. Evidently it is not correlated with the character of the food, 
since Schmahl’s specimens fed largely on Urocentrum, Stentor and Frontonia. 
Individuals taken from the culture dishes during the day measured 400-550 » by 
225-325 » and were therefore of average size for the species. Attempts to sub- 
culture them in smaller dishes and depressior slides were unsuccessful. 

Cysts were obtained by depriving active specimens of food in spring water. 
Usually groups of 10 or 20 individuals were removed to 0.75-cc. amounts of spring 
water in Columbia culture dishes. Again, groups of 50 were removed to 2-cc. 
amounts in Boveri dishes. After 24 hours the dishes always contained cysts ex- 
clusively, in number equal to or slightly less than the original number of speci- 
mens. Experience showed that the bursarias were easily injured by manipulation 
in small pipettes. Injured specimens disintegrated readily, and thus accounted for 
the disappearance of certain individuals. However, the losses from mechanical 
injury were low; for example, 13 dishes into which 260 bursarias were removed on 
August 30 contained 254 cysts on the following day. In general, one active speci- 
men could be depended on to produce one cyst, lightly attached to the bottom of 
the dish. Since none remained unencysted, the encystment rate must be regarded 
as 100 per cent. Encystment usually occurred between the 6th and 12th hours of 
starvation. On many occasions a single active specimen was isolated in 0.75 cc. of 
spring water. A specimen so isolated always produced one cyst. Hence crowd- 
ing, of primary importance in inducing encystment in Colpoda and Didinium 
(Barker and Taylor, 1931; Beers, 1947), plays no significant role in the encyst- 
ment of Bursaria. Some 5000 cysts were obtained in August and September by 
the method outlined above. By means of a blunt needle they were detached from 
their original dishes and were stored in spring water in a smaller number of con- 
tainers, some in stoppered vials, others in watch glasses kept in moist chambers. 
These cysts constituted the material on which the excystment experiments were 
based. Their history will be resumed shortly. At this point a further word on 
the factors responsible for encystment, followed by brief mention of some structural 
features of the cysts, seems in order. 

Relatively little is known regarding the factors that induce encystment in 
Bursaria. Poljansky merely remarks that unfavorable conditions lead to encyst- 
ment. Schmahl noted that specimens encysted after a variable number of days if 
kept at 4-7° C. in the presence of ample food, or if kept in continuous darkness, 
likewise with ample food. Hence, he cited low temperatures and darkness as en- 
cystment-inducing factors. However, neither of these factors was operative in the 
present study. Active specimens removed to spring water at 10:00 a.m. and kept 
at 22~24° C. in the natural light of the laboratory were always beginning to encyst 
at 5:00 p.m. Specimens removed to spring water at 5:00 p.m. encysted during the 
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night. Changes in pH did not account for encystment, since the pH of the spring 
water (6.6) was practically the same as that of the culture fluid from which the 
bursarias were taken (6.4-6.8). Although the salt concentration of the spring 
water was undoubtedly well below that of the cultures, encystment could not be 
explained on the basis of a decrease in salt concentration for the following reason. 
When all the food organisms were removed centrifugally from a sample of fluid 
from one of the cultures, the bursarias encysted as readily in this fluid as in spring 
water. Hence, the evidence indicates that absence of food was the primary, and 
likely the sole factor responsible for encystment. 


SoME OBSERVATIONS ON THE STRUCTURE OF THE CYSTS 


The diameter of the protoplast, as measured in the living condition, varied from 
120 » to 200 » in the cysts at my disposal. Usually it was in the neighborhood of 
155 » when a sample of 20 or more cysts was measured. In Poljansky’s cysts it 
averaged 167. The thickness of the membranes was difficult to measure ac- 
curately because of their uneven external surface. It varied from 15» to 30, in 
different cysts; the mean was about 204. Thus the membranes added about 40» 
to the diameter of the protoplast. The bridges usually measured 11—14 » in diam- 
eter and 4-13, in length. As a rule they were short, but in some 4-month-old 
cysts they had a length of 15 « and resembled short columns with broadened ends. 
Bridges of this type, but apparently even more elongated, are shown in Kahl’s figure 
(p. 478). The number of bridges varied; some cysts had 40 or more. The diam- 
eter of the emergence pore varied from 20 to 30y. By reflected light the cysts 
appeared to be white. By transmitted light they looked black; actually they were 
opaque because of the immense number of granules in the cytoplasm. The granules 
were so plentiful that the macronucleus was quite obscured by them. 

The emergence pore of the Bursaria cyst is closed by a thin, inelastic membrane 
(opercular membrane) which rests upon a low collar. Just beneath the emergence 
pore there is an area of hyaline, granule-free cytoplasm, though in my experience 
it is not always as conspicuous as the figures of Brauer and Lund indicate. Its 
significance is not understood, but since it is always prominent in the early 
stages of excystment (Fig. 5) it may be concerned with the elaboration of a sub- 
stance which weakens the opercular membrane. It is evident that the emergence 
pore and underlying hyaline area give to the cyst an axis of polarity. Evidence de- 
duced from the manner of emergence, to be presented later, indicates that the posi- 
tion of the emergence pore corresponds with the posterior end of the animal. 

The nuclear structure and interrelations are well known for active bursarias, 
thanks to the work of Schuberg (1887), Schmahl, and Poljansky. The macro- 
nucleus has the form of a long, slender, variously contorted rod, whose total length 
often exceeds that of the animal. In some specimens it is in two parts. The mi- 
cronuclei are small spheres, 4-5 » in diameter and scattered indiscriminately in the 
cytoplasm. In stained preparations each appears as a central, deeply staining body 
surrounded by a clear area which is bounded externally by the nuclear membrane. 
Poljansky regards the clear area as a fixation artifact. The number of micronuclei 
is variable; Lund counted 9 to 15 or more; Schmahl, 20 or more; Poljansky, 15 
to 34; my specimens had 16 to 28. 
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In order to examine the nuclear relations: within the cysts, some of the active 
bursarias from the culture dishes were allowed to encyst on cover slips. These 
were immersed in Schaudinn’s fluid (with acetic) at different stages of encystment 
and the specimens were stained by the Feulgen method. Individuals in the early 
stages of encystment remained attached and stained well. Individuals with fully 
developed cyst membranes usually became detached during the acid hydrolysis and 
had to be handled from this point in embryological watch glasses. The impervious 
nature of the mature cyst membranes introduced difficulties in staining, so that the 
final preparations of mature cysts were barely adequate to reveal the nuclei. Later, 
when it became possible to activate the cysts dependably, some of them were fixed 
and stained at various stages of emergence. 

Whether a macronuclear reorganization occurs within the cysts was a point of 
special interest. If such a reorganization is present in ciliate cysts, it usually oc- 
curs in the early stages of encystment (Burt, Kidder and Claff, 1941; Beers, 1946). 
However, an examination of a considerable number of immature cysts (fixed 6-12 
hours after isolation in spring water), as well as mature cysts (fixed 18, 24, or 48 
hours after isolation), failed to reveal any evidence of a reorganization. Neverthe- 
less, brief mention of the complex configuration of the macronuclear loops and of 
the number and spatial distribution of the micronuclei seems appropriate, since 
these features of the cyst have received little more than incidental mention in the 
literature. 





Ficures 1-3. Bursaria truncatella. Nuclear relations during encystment and excystment. 
From Schaudinn-Feulgen preparations. Camera lucida. 

Ficure 1. Young cyst. Macronucleus somewhat closely coiled; most of the micronuclei 
lying alongside macronucleus. 

Figure 2. Immature cyst. All micronuclei now close to macronucleus. These relations 
are retained in the mature cyst. 

Ficure 3. Excysted specimen, immediately after emergence. Macronucleus in form of 
open loops; micronuclei scattered in cytoplasm. The macronucleus, whether in cysts or active 
specimens, may be in one part or in two. 


In general the macronucleus retains throughout the encystment and excyst- 
ment periods the type of structure already described for the trophic ciliate, al- 
though it assumes in the cyst the form of such close coils and loops that its parts 
may become actually intertwined (Figs. 1 and 2). Upon excystment the loops 
become more open, as formerly (Fig. 3). As to the micronuclei, they are scattered 
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through the cytoplasm in pre-cystic (unattached or lightly attached) specimens, 
quite as in trophic individuals. As encystment proceeds, they assume a position 
close to the macronucleus, though distributed seemingly at random along its length 
(Figs. 1 and 2). This position is retained until excystment occurs, when they 
scatter (Fig. 3). There is no evidence of micronuclear division during encyst- 
ment, and the number of micronuclei within the cysts agrees with the number found 
in active specimens. 


ATTEMPTS TO INDUCE EXCYSTMENT; FINAL SUCCESS 


To return to a consideration of the cysts which were stored in spring water. 
many attempts were made between September 15, 1946, and June 1, 1947, to induce 
the emergence of samples of them. The procedure followed was similar to the 
one employed successfully in previous studies on the excystment of Tillina and 
Didinium (Beers, 1945, 1946a): 10 or 20 cysts were first washed in the medium 
to be tested and were then removed to 0.75 cc. of the medium in a Columbia cul- 
ture dish. A detailed description of these experiments or a presentation of the 
results in tabular form would be little more than a wearisome chronicle of failure. 
The experiments will receive only brief consideration. 

Samples of cysts stored at room temperature were tested when they attained 
the following ages: 1 week, 2 weeks; 1, 3, 5,6, and 8 months. The following fluids 
were used: various concentrations of freshly prepared infusions of dried lettuce, 
some unbuffered, others buffered from pH 6.0 to 8.0 with phosphate buffer mixture, 
some at 22° C., others at 28° and 32° C.; similar concentrations of timothy-hay in- 
fusion, likewise varied with reference to pH and temperature; various concentra- 
tions of Difco yeast extract and peptone in aqueous solutions; the foregoing media 
pre-inoculated with wild bacteria; distilled water; spring water containing a dense 
population of Paramecium caudatum. Other samples were allowed to dry gradu- 
ally on filter paper before being tested; still others were subjected to cold treat- 
ment (1 month at 15° C. followed by 3 months at 5° C.), in an effort to duplicate 
their natural winter surroundings. Of the dried and cold-treated cysts (about 
500 of each were tested), none emerged. Of the cysts stored at room temperature 
(about 3000 were tested), the following 8 excysted. Three, age 1 month, emerged 
in unbuffered 0.1 per cent lettuce infusion at 22° C. and one of the same age emerged 
in similar infusion buffered at pH 8.0. One, age 3 months, excysted in 0.5 per cent 
lettuce infusion at 22° C. and 2, of similar age, in 0.2 per cent hay infusion at 28° C. 
Another, age 6 months, came out in 0.5 per cent lettuce infusion at 28° C. Ex- 
cystment occurred between the 8th and 24th hours. It should be understood 
that a particular sample of cysts was tested in only one fluid and was then dis- 
carded, since an attempt was being made to discover a medium which had reliable 
excystment-inducing properties. 

Even though the vast majority of the cysts failed to become active, I was not 
in the least disposed to regard them as dead. The dense granulation and the opacity 
of the cysts have been mentioned. The characteristic, uniformly opaque appear- 
ance was retained by practically all the cysts, with no indications of disintegrative 
changes. However, at least 6 of the 8 cysts that emerged, it was noted by chance, 
presented an exceptional appearance with reference to granulation and opacity. 
They had become less densely granular, light brown in color, and transparent to 
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the extent that the macronucleus was faintly visible. They were assumed to be ab- 
normal, and it was fortunate that they were tested for excystment and not dis- 
carded, for their emergence furnished the first tangible clue to a solution of the im- 
mediate problem. It indicated that cysts of Bursaria undergo with the passage of 
time a gradual, intrinsic physiological change which renders them capable of ex- 
cystment. With this possibility in mind, the remaining cysts, about 750 which 
had been stored at room temperature and 250 which had received cold-treatment, 
were examined in the early part of June, but practically none showed a decrease in 
opacity. 

Shortly thereafter they were transported to the Mt. Desert Island Biological 
Laboratory, where they remained undisturbed until August 12. On this date, 
when they were about 11 months old, an examination showed that fully 80 per cent 
of both lots had become light brown and semitransparent in varying degrees. 
Samples of them, upon immersion in lettuce infusion (0.1 gm. dried lettuce boiled 
5 minutes in 100 cc. distilled water, cooled and used at once), excysted regularly. 
Tests were made at 22° and 32° C. At either temperature practically 100 per cent 
of the cysts became active within 2-6 hours. Both lots responded equally well, 
so that the cold-treatment was without effect. Other samples tested in higher con- 
centrations of lettuce infusion (up to 1 per cent) and in hay infusion (0.1-2.0 per 
cent) likewise éxcysted dependably. 

With favorable cysts and suitable excysting media at hand, it became possible 
to observe the entire excystment process as often as desired. After an immersion 
of 2 hours in lettuce infusion in an open dish, the cysts were mounted in infusion 
under a supported cover slip and the sequence of events was recorded with the 
aid of a camera lucida. 


THE ExcysTMENT PROCESS 


The excystment of Bursaria borders on the incredible. It is fully 4s amazing 
as the ingestion of Paramecium by Didinium or of Closterium by Frontonia. The 
details of the process follow, though it is understood that the time intervals cited 
may vary in different cysts. 

Cyclosis begins after an hour in lettuce infusion and becomes more vigorous 
within the next hour. The cytoplasmic streams follow no regular path (Fig. 4). 
At the end of 2 hours the hyaline area under the emergence pore is conspicuously 
developed and resembles a transparent cap resting on the subjacent granular cyto- 
plasm. Its base is always clearly delimited from the underlying granules (Fig. 4). 
The granules may oscillate near or stream by its base, but they do not enter it. It 
seems to be a region of gelated, granule-free cytoplasm. The opercular membrane 
now begins to bulge outward, and the collar of the emergence pore appears to be 
taller (Fig. 5). The cyst, as measured along its axis of polarity, has increased 
slightly in length at this stage. It is evident that considerable pressure is being 
exerted from within and that the emergence pore is the weakest area in the cyst 
wall. Suddenly the opercular membrane gives way and a column of cytoplasm 
protrudes eruptively (Fig. 6). In general the column is cylindrical, though its 
free end is sometimes broadened momentarily. The hyaline cap is lost sight of as 
the cytoplasm erupts, and the distal end of the column becomes highly ameboid. 
Indeed, the cytoplasmic column erupts so suddenly and changes shape so rapidly 
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that this phase of the excystment process could be recorded faithfully only by cine- 
photomicrography, not by pencil and camera lucida. With the release of internal 
pressure the cyst membranes resume the shape of a sphere and a space appears be- 
tween the endocyst and protoplast. The remains of the opercular membrane pro- 
ject outward as short jagged flaps from the collar of the emergence pore. Cyto- 
plasm and granules now begin to stream through the emergence pore much as 
the plasmasol flows forward in an actively moving monopodal ameba. Thus the 
original column increases rapidly in volume, becoming bulbous and expanded in 
the meantime (Fig. 7). It changes shape constantly, rapidly extending and re- 
tracting numbers of lobose, pseudopod-like processes, as if in a state of great 
morphological instability, though the portion enclosed by the membranes remains 
spherical and relatively passive throughout the entire process of emergence. The 
presence of cilia can now be detected for the first time on the organism, and the 
cilia aid it in its further progress outward. : By means of its cilia it retreats a short 
distance into its membranes and then delivers a vigorous thrust outward against 
the emergence pore. Each such outward thrust or lunge forces a little more of its 
surface area through the emergence pore, while its inner substance streams un- 
interruptedly through the pore. Thus two mechanisms are now operative in its 
emergence: ciliary action, which forces its cortical substance through the emergence 
pore by initiating vigorous outward thrusts; and endoplasmic streaming, which 
transports outward much of its inner substance, including the macronucleus. 
When the organism is approximately half excysted, it has roughly the shape of a 
dumbbell (Fig. 8). As the condition of final liberation nears, the free portion be- 
comes unusually active. It changes shape constantly. At times it elongates, again 
it flattens on the slender, constricted, stalk-like portion and assumes the shape of 
the cap of a mushroom. It bends, first in one direction, then in another (Fig. 9), 
and twists through as much as 180 degrees on the stalk. Thus it becomes in- 
credibly distorted, but as the last portion slips through the emergence pore these 
contortions end and it becomes pyriform in shape (Fig. 10). The first portion to 
emerge constitutes the rounded body, the last portion the neck of the pyriform 
ciliate. After a brief pause, the ciliate swims away, always with the pointed 
end, which emerged last, directed forward. Thus the posterior end lies im- 
mediately beneath the emergence pore and is the first part to emerge, whereas the 
anterior end emerges last. The contractile vacuoles show with great clarity now, 
and they are functional. Forty to 80 may be counted with ease, and there are 
probably many more. There is no recognizable indication of a ventral furrow or 
peristome at this stage, although some of these structures are no doubt represented 
in a specialized area of cytoplasm which occupies a sort of notch at the base of the 
neck. At this stage (Fig. 10) the ciliate could never be recognized as a member of 
the genus Bursaria. During the next hour, while the ciliate spirals counterclock- 
wise through the medium, with brief periods of rest, its development is completed. 
Its pointed anterior end broadens, its body becomes flattened, and the ventral 
furrow and peristomial membranelles develop (Fig. 11). When these changes have 
been completed, the ciliate is ready to begin feeding. If food is not supplied, the 
excysted specimens re-encyst, forming smaller, light brown, semi-transparent cysts 
whose protoplasts measure only 95-120» in diameter. Following emergence the 
old cyst membranes are left intact in the medium (Fig. 12), and the number of 
bridges can be counted with relative ease. 
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Figures 4-12. Excystment in Bursaria truncatella. The figures show successive stages 
in the emergence of the same individual; drawn from life with the aid of the camera lucida. 

Ficure 4. Cyst after 2 hours in excystment fluid. Arrows indicate direction of cyclosis. 

Figure 5. Organism almost ready to break through emergence pore. 

Figures 6-9. Escape by way of emergence pore. 

Figure 10. The ciliate just after emergence—pyriform in shape and lacking ventral groove 
and membranelles. 

Ficure 11. Ventral groove and membranelles developing. 

Figure 12. The empty cyst membranes. 
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The entire process of excystment and the subsequent differentiation require 
a minimum of 3 hours, counting from the time of immersion in the excystment 
medium. As has been said, 2 hours in the medium are usually necessary before 
the opercular membrane ruptures. Actual escape from the membranes requires 
only a few minutes. Thus the events shown in Figures 6-10 (rupture of the 
opercular membrane to final emergence) consume as a rule only 4 or 5 minutes. 
Subsequent differentiation requires 45 minutes to an hour. The foregoing time 
intervals are subject to much variation. Some cysts may remain 5 hours in the 
excystment medium before the opercular membrane tears. Some individuals re- 
quire as much as 12 or 15 minutes to effect their escape. In general, it may be 
said that the time required for excystment at 22° C. varies from 2 to 6 hours. 


FURTHER HISTORY OF THE Cysts; RE-ENCYSTMENT AND RE-EXCYSTMENT 


On September 1, 1947, there remained in the vials about 200 opaque cysts which 
presumably had not yet attained the physiological condition necessary for excyst- 
ment. These were taken back to Chapel Hill and were set aside until October 18. 
When they were examined on this date, all were light-brown in color and semi- 
transparent. They were divided into 10 groups of approximately 20 cysts each. 
On October 20 and 22 five groups were tested for excystment in each of the follow- 
ing fluids: 0.2 per cent aqueous peptone solution; 0.1 per cent aqueous yeast-ex- 
tract solution (Difco); 0.2 per cent lettuce infusion, freshly prepared; 0.3 per 
cent timothy-hay infusion, freshly prepared; Pyrex-distilled water. Some of 
the results were somewhat unexpected. Not only did all the specimens excyst in 
the plant infusions and in yeast extract, as expected, but all of those in peptone 
solution and distilled water also excysted. The time required for excystment 
varied as usual from 2 to 6 hours. Because of the relatively small number of cysts 
available for use in these experiments, it was impracticable to determine statistically 
which of the five fluids was most effective, i.e., which induced the highest per- 
centage of excystment in the shortest time. Inspection of the results indicates 
that the peptone solution was least effective ; none of the specimens in peptone solu- 
tion was active at the end of 2 hours, whereas 20 per cent or more were active 
in the remaining fluids at the end of this time. 

Many of the individuals which excysted in distilled water burst soon after 
emergence and all swam sluggishly. They were discarded. Most of the re- 
maining specimens were transferred from their respective excystment fluids to a 
mixture consisting of 9 parts of spring water and 1 part of 0.1 per cent lettuce in- 
fusion, in which they encysted in the next 24 hours. This mixture was selected 
because its pH and tonicity are generally favorable for ciliates, and it does not sup- 
port intense bacterial growth, which is often deleterious to ciliates. There re- 
sulted about 100 small, light brown, semi-transparent cysts. When these cysts 
were one week old, they were tested for excystment in the five fluids mentioned 
in the preceding paragraph. Practically all of them excysted after 2 to 6 hours in 
these respective fluids. Thus they did not require a long period of rest in order to 
become excystable. 


















EXCYSTMENT IN BURSARIA TRUNCATELLA 
DiIscussION 


Reference to the work of Poljansky shows that there are two major categories 
of resting cysts in Bursaria truncatella. These are the so-called neutral cysts and 
the exconjugant cysts, the latter being formed by exconjugants when food is lack- 
ing. The two types are essentially alike as regards shape, cytoplasmic structure, 
and character of the membranes. They differ in the structure of the macronucleus. 
The exconjugant cyst contains 4 spherical or ovoid macronuclear anlagen; they 
are derived from 4 of the 8 nuclei that result from the first 3 divisions of the 
synkaryon. Neutral cysts are produced by vegetative individuals and therefore 
contain the usual elongated, bent macronucleus. Poljansky’s exconjugant cysts 
were slightly smaller than his neutral cysts, probably because the exconjugants 
had had no opportunity to feed. Excystment was not studied by Poljansky. 

I have had no opportunity to observe exconjugant cysts. All the cysts of the 
present study qualify as neutral cysts, a designation which is retained chiefly for 
descriptive purposes. The present results show that not all neutral cysts are 
alike in their capacity to excyst. Although the results are inadequate to permit 
conclusive generalizations, they show that there are two types of neutral cys 
Following the precedent of Johnson and Evans (1940) in their study of the cysts 
of Woodruffia metabolica, I shall designate them as stable and unstable. Prob- 
ably this practice is warranted only for convenience of description; parallel com- 
parisons of the cysts of the two genera are scarcely justified, for the cysts are very 
different structurally and somewhat different physiologically; their similarity re- 
sides chiefly in the fact that the unstable cysts become active more readily than 
the stable ones. Thus the Bursaria cysts which were obtained in late summer and 
early autumn of 1946 qualify as stable cysts. Stable cysts contain plentiful food 
reserves, to judge by their granulation. Presumably they are produced in autumn 
in nature when food becomes scarce, following a long period of vegetative repro- 
duction in summer, though pure-line studies are needed to establish this thesis. 
They must pass through a long period of dormancy, in excess of 9 months ac- 
cording to the present observations, before many of them become excystable. 
During this period they undergo a physiological change which expresses itself 
visibly in reduced granulation and loss of opacity. Once a state of excystability is 
reached in consequence of these intrinsic changes, they excyst readily when a change 
in the chemical or physical nature of their environment occurs. -Perhaps such 
cysts should be called winter cysts. 

If the individuals which emerge from stable cysts are induced to re-encyst im- 
mediately by lack of food, they form unstable cysts. These contain fewer cyto- 
plasmic granules and presumably meager food reserves. A long period of dor- 
mancy is not required to render them excystable; they can emerge within a week 
(perhaps sooner) if the environment is changed. 

At this point in the discussion of unstable cysts, the results of some preliminary, 
though nevertheless significant, experiments on Bursaria cysts need to be re- 
counted. In early May, 1946, there appeared in collections from the pool men- 
tioned earlier a moderate number of specimens of Bursaria truncatella. Some hay 
infusion was added and the bursarias survived in the dishes for 3 weeks, though 
they never became numerous. Some of the fluid from the dishes was passed 
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through Whatman No. 43 filter paper to remove the food organisms, and some 40 
bursarias were transferred to this fluid. They encysted within 24 hours, producing 
cysts of average size. To judge by my sketches, the cysts were light in color 
and semi-transparent; at least the sketches show the macronucleus and indicate 
relatively sparse granulation. The existence of two types of neutral cysts was un- 
recognized at the time. When these cysts were 6 days old they were tested for 
excystment. Of 20 cysts treated with distilled water, 18 excysted; of 18 treated 
with 0.05 per cent lettuce infusion, 17 excysted. The precise time required for 
excystment was not recorded, but it was less than 8 hours. Thus the cysts, al- 
though not derived from immediately excysted specimens but from active, dividing 
specimens in mid-spring, qualified as unstable cysts. In all probability they were 
derived from recently excysted specimens which had passed through rel: itively 
few generations since emergence from stable cysts. Perhaps the unstable cysts 
should be called vernal cysts. 

To summarize, the evidence indicates that Bursaria naturally produces stable 
cysts in autumn after a long period of vegetative reproduction, and unstable cysts 
in spring or at other times when relatively few generations have passed since 
emergence. Further investigations, including intensive culture work, are needed to 
clarify these points. Too little is known about exconjugant cysts to permit com- 
ment on their excystment. 

To return to a consideration of the factors that induced excystment in this 
study, the emergence of Bursaria in fluids as dissimilar as peptone solution, lettuce 
infusion, and distilled water is not easily explained. Since no doubt exists con- 
cerning the hypotonicity of distilled water, excystment in this fluid may be readily 
explained in osmotic terms: water enters the organism, probably by way of the 
opercular membrane, and thus initiates its emergence. In all probability the re- 
maining four fluids were also hypotonic. If it be assumed that excystment in these 
fluids was likewise initiated solely by osmotic phenomena, i.e., by hypotonicity, it 
is implied that the spring water in which the cysts were stored was not hypotonic. 
This implication seems ill-founded, in view of the low salt content of spring water. 
To explain the facts it seems necessary to assume that the Bursaria cyst reaches a 
state of equilibrium with the environment at the time of encystment. When this 
state of equilibrium is disturbed by the entrance of any of a number of kinds of 
ions or molecules into the cytoplasm, the organism responds by excystment. On 
the other hand, it is possible that these ions or molecules, instead of having a specific 
effect on the cytoplasm, merely alter the permeability of the plasma membrane or 
opercular membrane or both, and thus initiate excystment by allowing water to 
enter the cytoplasm. From this point of view excystment in any fluid, unless 
demonstrably hypertonic, could be interpreted in terms of osmotic phenomena. 

Since ciliate cysts in general are never wholly separated from their immediate 
environment by impermeable membranes, it is more or less self-evident that they 
must be in some sort of physiological equilibrium with the environment ; otherwise 
they would not remain in the encysted state. Furthermore, they have the capacity 
to reach this state of equilibrium in different environments ; siiieulte their en- 
cystment would be too restricted to have survival value. This is a manifestation 
of the adaptive property of protoplasm. For example, Didinium can form viable, 
normal cysts in 2 per cent hay infusion, in natural spring water, or in purely in- 
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organic “artificial spring water” (Beers, 1947). The encystment of Bursaria either 
in spring water or in the rich, organic infusion of a wild mass culture has been 
mentioned. Probably all ciliates have the ability to encyst under many diverse 
conditions. 

As to the conditions of excystment, were cysts so highly specialized as to be 
capable of emergence solely under a restricted and highly specialized set of condi- 
tions, the survival of the species would be threatened, in that these conditions might 
rarely be encountered. Hence, cysts are able to become active under a variety of 
conditions, some unfavorable for growth, multiplication and survival, others favor- 
able. Paradoxical though it may seem, it is a fact that an effective excystment- 
inducing medium is not always favorable for continued life. Thus Didinium ex- 
cysts readily in peptone media in which the bacterial activity is so intense that the 
didinia are killed upon emergence (Beers, 1946a). Tillina magna, Bursaria and 
other ciliates excyst in distilled water, which contains no food and is so hypotonic 
that some of the specimens always burst upon emergence. On the other hand, 
these ciliates also excyst under favorable conditions—for example, Didinium in 
infusions containing paramecia as well as bacteria which serve as food for the para- 
mecia, and Tillina in plant infusions which support the growth of its bacterial food- 
organisms (Beers, 1945). By excysting under a variety of conditions, some indi- 
viduals perish, but others survive. It is doubtful that the excystment of free-living 
ciliates can always be explained in terms of the action of a few specific, excystment- 
inducing substances. 


SUMMARY 


A supply of cysts of Bursaria truncatella was obtained in autumn by depriving 
active specimens of food in spring water. The cysts were densely granular and 
opaque. In the following months many attempts were made to induce the ex- 
cystment of samples of them, but with practically no success. Examination of the 
remaining cysts when they were 11 months old showed that fully 80 per cent of 
them had become relatively sparsely granular and semi-transparent. They could 
be activated dependably in plant infusions which had been ineffective earlier. Two 
months later the remaining 20 per cent of the cysts became excystable, not only 
in plant infusions, but also in peptone solution, yeast-extract solution, and distilled 
water. The results indicate that in autumn after the passage of many generations 
Bursaria produces cysts which require a long period of dormancy before they 
become excystable. These may be called stable cysts, but not all cysts are of this 
type. 

Specimens which emerged from stable cysts, if not fed, re-encysted. These 
cysts, as well as others which were produced by specimens collected in spring, did 
not require a period of dormancy, but could be excysted within a week or less. 
These may be called unstable cysts. 

The excystment process is the same in either type of cyst. It involves the rup- 
ture of the membrane which covers a special emergence pore, and the escape of 
the organism by way of this pore. Excystment is a remarkable feat, in that the 
spherical, encysted bursaria, measuring about 155 » in diameter, makes its way out- 
ward through a circular opening measuring only 25» in diameter. Upon emer- 
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gence, the organism is so different in shape and structure from a typical specimen 
that it could never be recognized as a member of the genus Bursaria. Its develop- 
ment is completed within an hour. 
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THE CILIATES OF STRONGYLOCENTROTUS DROBACHIENSIS: 
INCIDENCE, DISTRIBUTION IN THE HOST, AND DIVISION 
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Most species of sea urchins harbor in their alimentary tracts a characteristic 
fauna of ciliated protozoa. As Kirby (1941) points out, these ciliates appear to 
be obligatory inquilines ; at least there is no satisfactory evidence that they are nor- 
mally free-living forms which become established accidentally in sea urchins. A\l- 
though their occurrence is well known, their general biology has been only meagerly 
explored. Little is known regarding their host-specificity, mode of transmission, 
and affinities; their taxonomy is confused, and their structure and division are 
inadequately described. In fact, it appears that representatives of only three genera 
have been subjected to critical morphological examination. These are Fntor- 
hipidium and Lechriopyla, which were studied by Lynch (1929, 1930) with special 
reference to ciliation, cytoplasmic inclusions and the neuromotor system, and Ento- 
discus, which was similarly studied by Powers (1933b). The conjugation of only 
one of them, Cryptochilidinm echini, has been described (Dain, 1930), and none 
have been cultured. Thus the ciliates stand in need of much additional in- 
vestigation. 

The present study is a contribution to the general biology of the ciliates of 
Strongylocentrotus drédbachiensis, the north-ranging “green urchin” common to 
both coasts of this continent and to Europe. The study makes no claim to com- 
prehensiveness, but is restricted to the aspects enumerated in the title. 

The studies of Powers (1933a) have shown that in the Bay of Fundy region at 
least seven species of ciliates occur in the digestive tract of this urchin. Some of 
them are of invariable occurrence; others are found erratically. The seven ciliates 
and their present taxonomic status are as follows: (1) Entodiscus borealis (Hent- 
schel, 1924). This large, common ciliate was first described by Hentschel under 
the name Cryptochilum boreale from specimens taken from Echinus esculentus in 
the Shetland Islands. Madsen (1931) also found it in S. drébachiensis at Fred- 
erikshavn, Denmark. He removed it from Cryptochilum and created the genus 
Entodiscus to receive it. (2) Madsenia indomita (Madsen, 1931). This slender, 
abundant ciliate was first described by Madsen as Entodiscus indomitus. Kahl 
(1934) removed it from this genus and established the genus Madsenia to receive 
it. (3) Biggaria gracilis (Powers, 1933). This ciliate was described by Powers: 
under the name Cryptochilidium gracile. Kahl transferred it to the genus Biggaria, 
which he founded in 1934. This ciliate and the aforementioned two are tricho- 
stomatous holotrichs belonging to the Entorhipidiidae, according to Kahl (1934). 
(4) Plagiopyla minuta Powers, 1933. This uncommon trichostomatous holotrich 
is referable to the Plagiopylidae. (5) Cyclidium stercoris Powers, 1935. This 
small hymenostomatous holotrich, a member of the Pleuronematidae, was first de- 
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scribed by Powers (1933a) as Uronema sociale. In 1935 he found this name 
to be invalid, being a homonym of Uronema sociale Penard, 1922. Since a further 
study of the ciliate convinced Powers of its close relationship to Cyclidium, he re- 
named it Cyclidium stercoris. (6,7) Euplotes sp. and Trichodina sp. These two 
ciliates, a hypotrich and a peritrich, respectively, were not identified by Powers as 
to species. They were of uncommon occurrence. 

The present study concerns these same ciliates—in particular, five of them—as 
found in 182 urchins from Frenchman’s Bay, which to all practical purposes is a 
part of the Bay of Fundy. The urchins were collected three or four at a time al- 
most daily throughout July and August 1947, and were examined immediately in 
an effort to discover the normal distribution of the ciliates. As a rule the examina- 
tion of the first urchin of each small collection was well under way within 10 min- 
utes after removal from its natural habitat. 

The method employed by Lynch (1929) and Powers (1933a) in opening their 
urchins (cutting around the equator of the test and removing the intestine to a dish) 
was found to be unsuited to the present objectives, and the following method was 
adopted as least injurious to the alimentary tract. The urchin is rinsed in running 
tap water to remove external free-living ciliates and is laid oral surface uppermost 
on the table. With strong, sharply pointed scissors a circular cut is made around 
the test about 5 mm. to the outside of its oral opening. The central piece, con- 
sisting chiefly of lantern, peristomial membrane and adjacent, excised ring of the 
test, is lifted out and detached by severing the esophagus. With sharply pointed 
forceps or small scissors the mesenteries which hold the stomach (inferior or oral 
spiral of the alimentary tract) to the oral surface of the test are severed, and the 
opening in the test is enlarged by making a second circular cut about 5 mm. to the 
outside of the first. The perivisceral fluid is pipetted out. Thus the entire ali- 
mentary tract is left in its normal position in the test. With good fortune the 
stomach is uninjured, though sometimes its oral wall is slit in one or two places. 
The intestine (superior or aboral spiral of the alimentary tract) and the rectum 
(short, straight aboral portion which runs more or less meridionally to the anus) 
are never injured. With small scissors incisions large enough to admit an ordinary 
pipette are made at intervals in the alimentary tract and samples of the enteric 
fluid are removed. These may be examined at once or spread out on cover slips for 
fixation and subsequent staining. 

The ciliates of S. drébachiensis are found chiefly in the rather abundant enteric 
fluid, though if the food pellets are of a loose texture, owing to the ingestion of 
filamentous algae, they occur in limited numbers within the pellets. I have never 
found them in the siphon, in the perivisceral fluid or elsewhere in the urchin. 
André (1910) states that he found Euplotes charon on the exterior and in the 
perivisceral fluid of Echinus esculentus, and Cryptochilidium echini in abundance in 
both the intestine and perivisceral fluid of Echinus miliaris and Paracentrotus 
lividus. Hentschel is of the opinion that these urchins were moribund or that the 
ciliates were introduced into the perivisceral fluid in opening the urchins. To open 
an urchin with the assurance that the thin-walled and sinuous alimentary tract is 
still quite intact so that no ciliates can escape into the surrounding fluid, requires 
not only extreme care but also a very thorough examination of the condition of 
the exposed alimentary tract. Whether André’s urchins received the requisite 
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care and subsequent examination is not clear. Lacking the assurance that these 
precautions were observed, | am disposed to doubt that the ciliates occurred nor- 
mally in some of the sites in which he found them. 


INCIDENCE OF INFECTION AND DISTRIBUTION IN THE Host 


Of the 182 urchins, whose tests varied in diameter from 3 cm. to 6 cm., all were 
infected with £. borealis and M. indomita; 181 were infected with B. gracilis; 98 
with C. stercoris; 28 with P. minuta; 24 with Euplotes; and four with Trichodina. 
These observations appear to be in general agreement with Powers’ findings which 
were made 17 years earlier, though Powers (1933a) gives no actual figures on in- 
cidence of infection, except for P. minuta which occurred in 10 per cent of the 
hosts. The present incidence of infection with this ciliate amounts to 15.4 per cent. 
Powers states that E. borealis, M. indomita and C. stercoris occurred “in great 
abundance,” and that infection with B. gracilis seemed “universal.” Presumably 
the percentage of hosts infected with Euplotes and Trichodina was small. 

The total number of ciliates present in a specimen of S. drdbachiensis from 
Frenchman’s Bay is unbelievably great. Evidently Madsen’s specimens from Den- 
mark likewise harbored intense infections, for he speaks of the ciliates as occurring 
“in ungeheuren Mengen.” To obtain a reasonably accurate idea of the general in- 
tensity of infection, a number of ciliate counts were made in the present study. 
The number of individuals of each species was counted in seven samples of fluid 
from different regions of the digestive tract of each of 12 urchins. These samples 
were taken from the first, middle and last thirds of the stomach ; from corresponding 
regions of the intestine; and from the rectum (one sample). Based on the experi- 
ence gained from these counts, estimates were made of the intensity of infection in 
seven samples from each of the remaining 170 urchins. Thus the findings on the 
intensity of infection in different regions of the alimentary tract are admittedly esti- 
mates for 170 of the 182 urchins, but it is believed that these estimates are reason- 
ably faithful representations of the actual facts. The examination of these sam- 
ples also served to disclose any differential distribution of the ciliates which might 
prevail along the course of the digestive tract. The degrees of infection were classi- 
fied somewhat arbitrarily as “heavy,” “moderate,” or “light.” The term “heavy,” 
as applied to a particular species of ciliate, means an infection amounting to 500- 
1000 or more individuals per 0.1 cc. of enteric fluid; “moderate” indicates an in- 
fection of 50-500 per 0.1 cc.; and “light,” fewer than 50 per 0.1 cc. 

In the following summary of the results of these examinations, the various species 
will be considered separately, beginning with E. borealis, which was found in every 
urchin. The stomach was infected heavily in 40 urchins, moderately in 126, and 
lightly in 16; the intestine, heavily in seven urchins, moderately in 59, and lightly 
in 116; the rectum was lightly infected in all of them. Thus it is evident that E. 
borealis was most abundant in the stomach, less abundant in the intestine, and of 
relatively scant occurrence in the rectum. The principal or preferred site of in- 
fection of E. borealis is clearly the stomach. 

Considering M. indemita, which was also found in every urchin, none of the 
182 revealed heavy infections of the stomach, though 18 of them showed moderate 
infections and 24, light infections. As to the intestine, 131 urchins showed heavy 
infections ; 39, moderate infections ; and 12, light infections. The rectum was always 
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lightly infected. Thus M. indomita is primarily an inhabitant of the intestine. It 
may occur in the stomach in moderate numbers, and it occurs in the rectum in much 
reduced numbers. 

Turning to B. gracilis, a very different type of distribution was encountered. 
This ciliate was never found in the stomach. It occurred as light infections in the 
intestine of only 16 urchins, though in these it was restricted to the last pouch of 
the intestine. However, it occurred as infections of moderate intensity in the 
rectum of 178, and as light infections in three. (Only one was uninfected.) 
Thus B. gracilis is clearly an inhabitant of the rectum, from which it may extend 
forward (orally) into the terminal intestinal pouch. 

C. stercoris, present in 98 urchins, was seen in the stomach of only one, and 
then as a light infection. Eighteen urchins harbored heavy intestinal infections ; 61, 
moderate infections ; and 19, light infections. The rectum was lightly infected in all 
98. Hence, C. stercoris is primarily an inhabitant of the intestine. 

P. minuta occurred as light infections in the intestine and rectum of 28 urchins. 
In many of these urchins it was distinctly more abundant than in those examined 
by Powers, since he never found more than 12 specimens per host. Many of the 
present samples contained 10 to 20 specimens, and a single sample represents only 
a small portion of the enteric fluid: Hence, many of the urchins contained hun- 
dreds of specimens of this ciliate. 

Euplotes likewise occurred only as light infections of the intestine and rectum. 
The samples of fluid from the 24 urchins which were infected usually contained 
only five to ten specimens per sample. 

Trichodina was found in only four urchins, as extremely light infections of the 
intestine and rectum. Only one or two specimens per sample were found in these 
hosts. 

These results show conclusively that the various kinds of ciliates are not dis- 
tributed indifferently along the digestive tract but exhibit to some extent definite 
preferences for different regions. Actually the three regions under consideration do 
not have precise anatomical limits, but rather pass insensibly one into another. 
To what extent the regions differ physiologically is not entirely clear. It seems to 
be generally assumed that the entire alimentary tract participates in the functions 
of digestion, absorption, and transport of dissolved substances to the perivisceral 
fluid. However, Weese (1926) found that an extract of the stomach of S. 
drobachiensis had a pH of 6.3, whereas a similar extract of the intestine had a pH 
of 6.6, and it has long been known that in Echinus esculentus glandular cells are 
more abundant in the stomach than elsewhere (Chadwick, 1900). Thus minor 
physiological and histological differences occur along the digestive tract, and the 
physiological differences are probably greater than the limited evidence indicates. 
At least the differential distribution of the ciliates points to such differences, for 
some of them are adapted to life in one region, some in another. B. gracilis shows 
the highest degree of selectivity in its choice of a habitat, for it is almost exclusively 
an inhabitant of the rectum. Whether the nature of the rectal flora, on which it 
presumably feeds, or the chemical and physical properties of the rectal fluid ac- 
count for its localization is not clear. Only E. borealis occurs regularly in the 
stomach. Evidently it has a high degree of tolerance for the digestive juices of 
this region. The remaining five ciliates show a distinct preference for the in- 
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testine. Since the ciliates of all sea urchins escape regularly with the feces (ap- 
parently never as cysts, but in their usual trophic form), any ciliate which occurs 
in the stomach or intestine will also be found in the rectum. Hence, all seven spe- 
cies inhabiting S. drobachiensis are found in this region. Powers (1933a) showed 
that the ciliates of sea urchins have considerable tolerance for sea water, and it 
is assumed that they are ingested in the trophic form by new hosts. However, sea 
urchins regularly engage in cannibalism, small, weak or injured specimens being 
readily consumed, even to the spines and test. Cannibalistic practices afford an 
obvious means of transferring the ciliates from one urchin to another. 

It is important to mention that the foregoing distribution prevails only in well-fed 
urchins and that all the 182 urchins appeared to be reasonably well-fed. The stom- 
ach of each of them contained scores or even hundreds of food pellets, which con- 
sisted of algae, small specimens of the clam Mya arenaria, and unrecognizable 
debris. When urchins were kept in laboratory aquaria without food for a week, 
the stomach was always found to be empty of food and practically devoid of 
ciliates, whereas the intestine always contained many food pellets and _ giliates. 
(Such urchins, if kept together, must be uninjured and fairly uniform in size; 
otherwise cannibalism develops.) When other urchins were kept without food for 
two or three weeks, the intestine, as well as the stomach, was found to be empty, 
and the food pellets and ciliates were restricted to the rectum, the ciliates in much 
reduced numbers. Thus the food pellets and the ciliates simultaneously shift 
aborally when food is withheld. 


PERIODICITY OF DIVISION 


Upon examining a dozen or more urchins in the early part of July, I was espe- 
cially impressed by two seemingly contradictory aspects of the occurrence of 
E. borealis, M. indomita and C. stercoris: first, their great abundance,-and secondly, 
the absence of dividing specimens in populations of such density. Trichodina, 
Euplotes and P. minuta are excluded from immediate consideration, for they were 
found in such limited numbers that the probability of observing divisional stages 
was somewhat remote. B. gracilis is likewise excluded for the present, since it was 
found in division in practically every urchin. The absence of dividing individuals 
in the remaining three species was genuinely puzzling, and the search for them was 
intensified. Throughout July and August more urchins were collected, as usual 
at low tide, and examined immediately, not only during the day but at night as well, 
so that finally practically all the hours of the day and night were represented in these 
examinations. The findings with respect to division will be presented for each of 
the three species in turn, beginning with FE. borealis. 

Of 88 urchins collected in July, only one, a specimen taken at 2:00 a.m., July 27, 
showed E. borealis in division, though rather sparingly. Six smear preparations of 
the stomach contents of this urchin were fixed on cover glasses in Schaudinn’s 
fluid and stained in Mayer’s acid hemalum. These revealed some 2400 specimens 
of E. borealis, only 3 of which were dividing. Thus 88 urchins which undoubtedly 
contained many hundreds of thousands of individuals furnished an utterly insignifi- 
cant number of dividing specimens. Of 94 urchins collected in August, five con- 
tained E. borealis in division. In three of four urchins collected at 10:00 a.m., 
August 9, it was dividing in great abundance both in the stomach and first third of 
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the intestine. So plentiful were the dividing forms that every sample of 0.1 cc., 
when examined under the dissecting binocular, was seen to contain 25-50 indi- 
viduals in division, and smears made of material from these hosts showed all the 
stages in the division process. Again on August 10, two of four urchins contained 
dividing specimens, though not plentifully. These were the last specimens seen in 
division, though daily examinations were continued throughout August. 

These results indicate that division in E. borealis is a cyclical phenomenon—that 
short periods of intense divisional activity alternate with long periods of non- 
divisional life. The factors which account for this apparent rhythmicity in the re- 
productive activities of the ciliate are at present unknown. Perhaps a more ex- 
tensive study of the entire urchin-ciliate relationship—preferably a study embracing 
the entire year—would supply an explanation. The ability of E. borealis to main- 
tain itself in such great numbers in the absence of frequent divisions indicates a 
low death-rate in the alimentary tract and a low percentage of losses at defecation. 
(Counts of ciliates expelled with the feces, to be mentioned shortly, support the 
latter conclusion. ) 

Powers (1933b) also had difficulty in finding dividing specimens of FE. borealis, 
and indeed found only three in all the living specimens examined. On the other 
hand, Hentschel, in a study of E. borealis from Echinus esculentus, does not men- 
tion any difficulty in finding dividing specimens in heavily infected urchins, though 
he had only three such urchins. However, the relation of E. borealis to Echinus 
esculentus is evidently different from its relation to S. drébachiensis, since Hent- 
schel found only ten infected individuals among 52 urchins, and seven of these were 
lightly infected. Powers (1933a) remarks that E. borealis seems to be normally 
associated with S. drébachiensis, “but is able to infest E. esculentus when the two 
species of sea urchins inhabit the same locality.” 

The task of finding M. indomita in division was even more arduous and un- 
rewarding than the preceding, in spite of the fact that this ciliate, as in Madsen’s 
specimens of S. drdbachiensis, was far more abundant than E£. borealis. Only one 
dividing specimen was seen in 88 urchins in July, although some 450 samples con- 
taining M. indomita were examined and 52 stained cover-slip preparations of ad- 
ditional samples were studied. Many of the fresh samples contained well over 
1000 specimens and many of the stained slides had 300 specimens per cover slip. 
A second dividing individual was seen August 9. Finally, three of seven urchins 
examined on August 28-29 showed M. indomita in division in considerable num- 
bers, and slides made on these two days sufficed to show all the stages of division. 
Thus M. indomita is also able to maintain itself in immense numbers for long pe- 
riods in the absence of division. Again, this circumstance indicates that it is not 
lost in great numbers with the feces and that it does not perish readily in the in- 
testine. When division finally occurs, it appears to assume the character of a 
“mitotic flare,” affecting great numbers of individuals simultaneously in any particu- 
lar urchin. Neither Powers nor Madsen mentions the division of M. indomita. 

As has been said, only 18 of the 182 urchins harbored infections of C. stercoris 
which qualified as “heavy.” However, some of these infections were extremely 
heavy, each sample containing a veritable swarm of cyclidia, and there were 61 
“moderate” infections. Hence, this ciliate was present, both in fresh samples and 
stained slides, in sufficient numbers to reveal divisional stages had they been 
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present. Nevertheless, not a specimen could be found in division in July. Then, 
for a period of six days, beginning August 11, C. stercoris was seen in division in 
nearly every urchin examined—in 19 out of 20, to be exact. However, the number 
of dividing specimens per urchin was small and not all the stages of division could 
be found. This outbreak of division appeared to subside on August 16, and no 
more dividing specimens could be found. Thus division in C. stercoris appears to 
be cyclical, or at least sporadic. 

Finally, a word concerning the division of P. minuta and B. gracilis must be 
appended. Infections with P. minuta were always light, and it was found in only 
28 urchins. Few examples of division could be expected in such light infections, 
and none were found in 27 of the urchins. Then, on August 25, one urchin dis- 
closed a dividing specimen. This urchin was subjected to a very thorough exami- 
nation, and a total of 12 dividing individuals were found in 20 samples of rectal and 
intestinal contents. Hence, such evidence as is available indicates that the division 
of P. minuta also assumes a rhythmic character. B. gracilis, on the contrary, 
could be found in division readily in any urchin and therefore gave no evidence of 
major rhythms which affect the entire population of an urchin. However, B. 
gracilis, unlike all the other ciliates, is predominantly a rectal inhabitant. Counts 
of the ciliates lost at defecation, to be discussed immediately, showed that it is lost 
in greater numbers than any other ciliate. Therefore, it would seem that it must 
remain in a state of constant division in order to maintain itself within its host. 


CILIATE LossEs ACCOMPANYING DEFECATION 


It is generally implied that the ciliates of sea urchins are lost in considerable 
numbers with the feces, yet I have found no reliable numerical estimates of these 
losses. An attempt was therefore made to arrive at an estimate by counting the 
ciliates which accompanied the escape of the fecal material. The feces of S. 
drébachiensis are passed in the form of fairly firm, more or less spherical pellets 
which measure 1.0-1.5 mm. in diameter. The pellets are passed singly and never in 
rapid succession; each emerges very slowly. Hence, the amount of rectal fluid 
which is lost at defecation seems to be reduced to the minimum. The pellets them- 
selves contain no ciliates. Thus the ciliates which are actually lost must slip out 
between the wall of the anal canal and the surface of the escaping pellet. It is 
evident that the nature of the pellets and the mechanism of defecation do not facili- 
tate the loss of ciliates. 

The estimates of ciliate losses were arrived at by collecting and examining not 
only the pellets themselves but also the sea water in the immediate vicinity of the 
emerging pellets. A freshly collected urchin was placed in a dish of sea water in 
which it could move about and defecate normally. When a pellet first made its 
appearance among the anal plates, the end of a pipette was brought quite near it 
and 1 cc. of sea water was taken up and transferred to a watch glass for examina- 
tion. A second cc., or a third or fourth, was taken up as the pellet continued its out- 
ward progress; then the pellet itself plus an additional cc., and a final cc. after 
emergence, were removed. Thus, it was hoped, all the escaping ciliates might be 
captured for counting. If an urchin failed to defecate within a reasonable time, it 
was given a piece of clam to feed on; ingestion usually stimulated defecation. When 
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an urchin was kept under observation longer than 30 minutes, the sea water was 
changed, or better, the dish was set in an aquarium table and a gentle stream of 
sea water was directed into it. Urchins soon become sluggish in the absence of 
ample oxygen. Seven urchins, each of which was kept under observation for 1 
hour, expelled a total of 186 pellets, and a total of 84 ciliates, which were distributed 
as follows: E. borealis, 16 specimens ; M. indomita, 18; C. stercoris, 16; B. gracilis, 
33; P. minuta, one. The results indicate, therefore, that approximately one ciliate 
is lost per two fecal pellets and that on the average an urchin loses 12 ciliates hourly 
or 288 daily. A number of additional counts, based on observational periods of 
20-30 minutes each, supported these conclusions. A daily loss of 288 ciliates per 
urchin, or a loss of twice or thrice this figure should pellets be passed in appreciably 
greater numbers, is relatively small, for a single drop (about 0.05 cc.) of enteric 
fluid may contain as many as 1000 ciliates. Bearing in mind that a single division 
doubles the number of ciliates, it is evident that infrequent divisions would suffice to 
compensate for the losses which accompany defecation. 

B. gracilis was lost in greater numbers than any of its confreres, although it is 
by no means as plentiful in the alimentary tract as E. borealis and M. indomita. Its 
relatively severe losses are evidently correlated with its habitat, since it is the only 
strictly rectal ciliate of the entire fauna, and indeed extends quite to the anal open- 
ing. In this disadvantageous position, it is lost in significant numbers, and as a 
consequence must remain in a state of constant division, it would seem, in.order 
to maintain itself. 


MetuHop oF DIVISION 


Entodiscus borealis. At division the single spherical or ovoid macronucleus 
elongates, and the micronucleus separates into halves with the production of a fairly 
long interconnecting strand (Fig. 1). The macronucleus then constricts cleanly 
into halves while the daughter micronuclei rest at opposite ends of the cell (Fig. 2). 
Each daughter macronucleus becomes spherical, and the posterior micronucleus 
begins to migrate to the usual position near the anterior surface of the macronu- 
cleus (Fig. 3). Thus division, as Hentschel remarks, “exhibits no remarkable 
features,” but since he gives no figures of the process, three are included here. 

Although the vast majority of the non-dividing specimens showed a single 
macronucleus, a limited number, as in those examined by Powers (1933b), con- 
tained a macronucleus which consisted of 2-7 parts, but always accompanied by a 
single resting micronucleus. In any particular individual of this type the parts 
were of approximately equal size, but the more parts per specimen, the smaller their 
size. Powers diagrams these multipartite macronuclei and gives measurements of 
their parts. 

Issel (1903) observed that the macronucleus of various species of Ancistruma 
from marine pelecypods may be seemingly fragmented, often into 2-7 parts. 
Uyemura (1934) noted that the macronucleus of Entorhipidium fukuii from various 
urchins may be multipartite (in 2-8 pieces) and may be accompanied by two mi- 
cronuclei, whereas there is typically only one. Uyemura concluded that nuclear 
conditions of this sort must be intimately related to cell division, though no divid- 
ing specimens could be found. Finally, Yagiu (1935), in a study of Crypto- 
chilidium osakii from Japanese urchins, likewise noted that the macronucleus may 








CILIATES OF STRONGYLOCENTROTUS 107 





































be in one part or in 2-7, but always accompanied by a single resting micronucleus. 
Powers (1933b) interprets the multipartite condition in terms of a nuclear re- 
organization, and Yagiu regards the macronuclear elements as daughter macro- 
nuclei, since some of the large single macronuclei were lobed as if separating into 
smaller parts, but neither investigator seems genuinely satisfied with his own inter- 
pretation. However, the studies of Kidder (1933a,b) undoubtedly furnish the 
correct explanation of Issel’s findings, and supply the probable explanation of the 
corresponding macronuclear conditions in Entorhipidium fukui, Cryptochilidium 
osaku and E. borealis. According to Kidder, the 2-7 macronuclei of Ancistruma 
are not actually fragments of a former macronucleus but are the macronuclear 
anlagen of a reorganizing exconjugant. In A. isseli from the mantle cavity of 
Modiola modiolus, Kidder (1933b) finds that the amphinucleus (synkaryon) of 
the exconjugant undergoes three divisions, from the products of which one micro- 
nucleus and seven macronuclear anlagen are derived. Three micronuclear divisions 
and three accompanying cell divisions follow. At these cell divisions the anlagen 
are segregated into the daughter cells as follows: at the first division, four into one 
daughter and three into the other; at the second division, two into each of three 
daughters and one into the fourth daughter which now has the typical nuclear com- 
plex and does not divide again ; at the third division, one into each of six daughters. 
Thus specimens having one, two, three, four, or seven macronuclear parts may be 
found in a normal population of A. isseli. Although conjugation has not been re- 
ported in E. borealis, C. ozakti or Entorhipidium fukuii, it is logical to assume that 
it occurs, and reasonable to assume first, that it follows the pattern of A. isseli, and 
secondly, that the apparently multimacronucleate individuals are exconjugants 
which have not completed their reorganizational divisions. The schema outlined 
for A. tsseli does not call for specimens with quinquepartite or sexpartite macro- 
nuclei, and these actually are almost non-existent in E. borealis. In some 5700 
specimens Powers (1933b) found 162 which had multipartite macronuclei; they 
fell into these categories: bipartite, 103; tri-, 34; quadri-, 21; quinque-, O; sex-, 1; 
septem-, 3. In 4700 specimens from July and August collections I found 122 with 
multipartite macronuclei, distributed as follows: bi-, 79; tri-, 16; quadri-, 21; quin- 
que-, O; sex-, one; septem-, five. No specimen in either collection had a macro- 
nucleus of more than seven parts. In accordance with expectations, if it be as- 
sumed that these specimens were exconjugants, bipartites predominated in both 
collections ; three- and four-partites were plentiful and occurred in approximately 
equal numbers; five- and six-partites were either absent or so rare that they may 
be looked on as atypical; and seven-partites were the least common of all the ex- 
pected types. If these are actually exconjugants, one would expect to find oc- 
casionally a specimen with a dividing micronucleus, yet neither Powers nor I could 
find even one. It is hoped that a further study of the ciliate will disclose the con- 
jugants themselves and thereby show conclusively whether the present explanation 
is correct. In Cryptochilidium echini Dain found that the synkaryon undergoes 
two divisions, thus producing one micronucleus and three macronuclear anlagen. 
Two segregation divisions follow, so that specimens having tri- or bipartite macro- 
nuclei occur normally. 
Madsenia indomita. This slender ciliate contains a single, slightly elongated 
macronucleus and one micronucleus which usually lies just posterior to the macro- 








108 C. DALE BEERS 





Qa 


EXPLANATION OF FIGURES 





Ficures 1-16. Division in four species of ciliates from the alimentary tract of Strongylo- 
centrotus drébachiensis. Schaudinn fixation; stain, Mayer’s acid hemalum; camera lucida. 

Figures 1-3. Entodiscus borealis: 1, macronucleus elongating, micronucleus in telophase; 
2, division of macronucleus; 3, separation of daughters. X 225. 
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nucleus. At division the macronucleus elongates and the micronucleus divides 
typically (Fig. 4). The daughter micronuclei migrate to opposite poles of the 
macronucleus (Fig. 5), and the latter begins to constrict into halves. However, 
as the halves of the macronucleus draw apart, a small mass of macronuclear ma- 
terial remains as a residuum midway between the halves and within the attenuated 
nuclear membrane (Fig. 5}. When the daughter macronuclei separate, the resi- 
dual mass, which consists of little more than six to eight deeply staining granules in 
a lightly staining matrix, remains behind in the cytoplasm (Fig. 6). The life of 
the residual mass is brief, for it is resorbed before the daughter cells separate (Fig. 
7). The elimination of a portion of the macronuclear substance at division is not 
of invariable occurrence ; in some specimens the macronucleus divides cleanly with 
no suggestion of a residuum. 

The accumulation of a mass of macronuclear material in the elongated nuclear 
membrane, its subsequent abandonment by the dividing macronucleus, and its final 
resorption in the cytoplasm have been described in four species of Conchophthirius 
(Kidder, 1933c, 1934) and in Ancistruma isseli (Kidder, 1933a) from pelecypods, 
and in Cryptochilidium minor from sea urchins (Yagiu, 1934). Any such ma- 
terial which in different ciliates is expelled by a variety of means from the macro- 
nucleus is usually looked on as effete and unwanted, and the process is interpreted 
as having a salutary effect on the macronucleus. 

A very small percentage of the specimens of M. indomita contained a bi- or 
tripartite macronucleus, the parts being arranged usually in a series along the 
longitudinal axis of the ciliate. In two specimens which had a bipartite macro- 
nucleus, the micronucleus was dividing. One such specimen is shown in Figure 
8. Perhaps these specimens were exconjugants undergoing their final reorganiza- 
tional division. 

Cyclidium stercoris. This is the smallest of the ciliates which occur abun- 
dantly in S. drébachiensis. It has a spherical macronucleus which lies well to- 
ward the anterior end of the organism. The single micronucleus is usually found 
near the anterior surface of the macronucleus, but it may be at the side of, or just 
posterior to, the macronucleus. The scarcity of dividing specimens has been 
mentioned, and the early divisional stages were so elusive that none could be found 
in 32 stained cover-glass preparations which were made August 11-16. These 
preparations showed a number of specimens in the late stages of division and 
sufficed to demonstrate conclusively that the dividing macronucleus always dis- 
cards a portion of its substance in the form of a residual mass within the attenuated 
macronuclear membrane. In Figure 9 the residual mass still occupies the mid- 





Ficures 4-7. Madsenia indomita: 4, macronucleus elongating, micronucleus in telophase ; 
5, division of macronucleus with small mass of residual chromatin (R) at center of elongated 
nuclear membrane; 6, residual mass undergoing resorption; 7, separation of daughters. X 475. 

Figure 8. Madsenia indomita. Micronuclear division in specimen with bipartite macro- 
nucleus. Probably the final reorganizational division of an exconjugant. X 475. 

Ficures 9-10. Cyclidium stercoris: 9, division of macronucleus with elimination of a con- 
spicuous mass (R) of macronuclear chromatin; 10, residual mass free in cytoplasm. X 735. 

Ficures 11-16. Biggaria gracilis: 11, macronucleus spherical, micronucleus in metaphase ; 
12, micronucleus in telophase; 13, macronucleus elongating; 14, accumulation of residual macro- 
nuclear chromatin at center of dividing macronucleus; 15, residual mass (R) free in cytoplasm; 
16, residual mass being resorbed, always in posterior organism. X 335. 
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point of the membrane, whereas in Figure 10 it is detached. The macronuclear 
behavior differs from that of Cyclidium ozsaku, a ciliate of the echinoid Anthocidarts 
crassispina, for in C. osakii, according to Yagiu (1933), the separation of the 
daughter halves is clean. However, even congeneric species are known to differ 
with respect to the extrusion ot macronuclear material at division. Thus the di- 
viding macronucleus of Ancistruma mytili never discards any of its substance, 
whereas the macronucleus of A. isselt, as has been said, always casts out a sub- 
stantial residual mass (Kidder, 1933a). 

Biggaria gracilis. The division of this striking ciliate, whose anterior half is 
distinctly flattened dorso-ventrally (using this term in a physiological sense) and 
whose posterior half is somewhat spherical and bulbous, offered no difficulty in 
view of the abundance of dividing forms. The macronucleus usually has the shape 
of an ellipsoid and lies transversely at the center of the organism. The single 
micronucleus is found just anterior to the macronucleus. With the approach of 
division the macronucleus becomes spherical and the micronucleus assumes a po- 
sition antero-lateral to the macronucleus. In this location the micronucleus elon- 
gates and becomes spindle-shaped (Fig. 11). Then, with its long axis directed 
obliquely across the cell, the micronucleus completes its division (Fig. 12). I 
have examined at least 20 specimens in which the micronucleus was in various 
stages of division, and without exception it occupied the position just described. 
Thus the dividing micronucleus does not lie at the side of the macronucleus in the 
future cleavage plane of the cytoplasm, nor does the macronucleus begin to elon- 
gate until the micronucleus has completed its division. (In these aspects of nu- 
clear behavior B. gracilis agrees with A. isseli, according to the figures of Kidder, 
1933a.) The daughter micronuclei now move toward opposite ends of the cell, 
and the macronucleus begins to elongate (Fig. 13). Soon the macronucleus de- 
velops its divisional constriction, but in so doing a conspicuous mass of macronu- 
clear material accumulates precisely at the center of the constriction (Fig. 14). 
This mass is of course the residual chromatin and associated substances which will 
be discarded when the macronuclear halves separate. A slight constriction ap- 
pears in the cytoplasm at this stage. The daughter macronuclei now draw apart 
(Fig. 15), leaving the residual mass behind, while the cytoplasmic constriction 
continues to deepen. Finally, the residual mass passes into the posterior daughter 
cell where its resorption occurs, the posterior micronucleus migrates to its normal 
resting position just anterior to its macronucleus (Fig. 16), and the cells separate. 
The resorption of the residual mass is completed after the separation of the 
daughter cells. [| have examined some 25 specimens in the final stages of division 
(Fig. 16), and without exception the residual mass was to be found in the pos- 
terior cell. In the four species of Conchophthirius and in A. tsseli in which this 
type of macronuclear reorganization occurs the residual mass may be resorbed in 
either daughter cell, according to Kidder (1933a, c; 1934). 

Plagiopyla minuta, Of the 12 dividing specimens which were seen, seven were 
successfully affixed to cover slips and stained. Unfortunately, Mayer's acid he- 


malum proved to be unsuited to the staining of P. minuta, since it stains the 
cytoplasm and food vacuoles of this ciliate intensely, thereby obscuring the nu- 
clei. Owing to a scarcity of material, the Feulgen method could not be em- 
ployed, and a consideration of division in P. minuta must be deferred. When ap- 
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plied to the remaining ciliates, acid hemalum gave excellent results, leaving the nu- 
clei well stained against a faintly tinted background. 


SUMMARY 


Of 182 specimens of S. drébachiensis, all were infected with Entodiscus borealis 
and Madsenia indomita; 181 with Biggaria gracilis; 98 with Cyclidium stercoris ; 
28 with Plagiopyla minuta; 24 with Euplotes sp.; and four with Trichodina sp. 

E. borealis occurs primarily in the stomach, though it extends into the intestine 
and rectum ; B. gracilis, almost exclusively in the rectum ; the five remaining species, 
chiefly in the intestine, less commonly in the rectum. 

Although E. borealis, M. indomita and C. stercoris were present in immense 
numbers, they were rarely found in division. The evidence indicates that division 
in these ciliates, and probably in P. minuta, is a cyclical phenomenon; short pe- 
riods of intense divisional activity appear to alternate with long periods of non- 
divisional life. B. gracilis, to the contrary, was dividing in nearly every urchin. 

The ability of some of the ciliates to maintain themselves in enormous numbers 
in the absence of frequent divisions indicates that they do not perish readily in 
the alimentary tract and that they are not lost in great numbers at defecation. 
Counts of discharged fecal pellets and escaping ciliates indicate that an average of 
only one ciliate is lost per two fecal pellets. This rate of loss is low, in view of 
the great number of ciliates present per urchin. Thus infrequent divisions suffice 
to compensate for these moderate losses. B. gracilis is lost in greater numbers 
than any other species and must divide constantly in order to maintain itself. 

At each division of B. gracilis and C. stercoris a mass of macronuclear material 
aggregates at the center of the elongated macronuclear membrane. This mass is 
discarded into the cytoplasm when the daughter macronuclei separate. A similar 
macronuclear reorganization usually accompanies the division of M. indomita. 
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INTRODUCTION 


In the field of protozoology one of the most important and spectacular dis- 
coveries of recent times is the mating reaction leading to conjugation in Para- 
mecium by Sonneborti (1937). If a single specimen of Paramecium is isolated 
and allowed to multiply so that eventually a great number of individuals are pro- 
duced by vegetative fission alone, the group so derived from the one member is 
called a clone. Members of such a clone do not mate with each other because they 
are of one sex type but when one clone is mixed with another clone of the op- 
posite sex type, the mating reaction will occur. In the mixture of the two sex 
types, the paramecia almost immediately agglutinate or clump together and sub- 
sequently conjugate. Upon mixing, a few are first seen to stick together then the 
clumps become larger and larger until 10-15 minutes later immense clumps of a 
hundred or so individuals are formed. These large masses then become smaller 
and smaller until later only small groups of individuals and joined pairs remain. 
Finally only individual pairs of conjugants (and single ones that were unable to 
find mates) are left. 

Sonneborn discovered and described the mating reaction in Paramecium 
aurelia and Jennings (1938, 1939) described it in Paramecium bursaria. One is 
referred to their original papers for the detailed steps of the phenomenon. Addi- 
tional information bearing upon the mating reaction and conjugation in P. bursaria 
is given by Wichterman (1944, 1946, 1948). 

In an examination of the literature dealing with the biological effects of ir- 
radiation with x-rays upon Paramecium one is aware of the contradictory reports 
given by certain of the investigators. Part of the difficulty is due to the fact that 
earlier workers merely exposed the organisms to the action of x-rays and informa- 
tion upon unit dosage is absent. Without this information, it is impossible to 
make accurate comparisons of data. At the present time, with modern x-ray gen- 
erators, it is possible to deliver rays of constant quality and intensity at a given 
number of roentgen units (7) per unit of time. 

The main purpose of the present work was to find the effects of roentgen rays 
upon the mating reaction and conjugation of Paramecium bursaria. An abstract 
of this paper has been published (Wichterman, 1947). 


MATERIALS AND METHOD 


In the experiments reported here, opposite mating types of Paramecium bur- 
saria were used exclusively. P. bursaria is the so-called “green Paramecium;” 


* This work was aided by a grant from the Committee on Research and Publication of 
Temple University. 
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green because of the fact that living within the cytoplasm of the protozoon are 
large numbers of extremely small unicellular green algae called zodchlorellae which 
fill the body of Paramecium. There is thus shown a truly symbiotic existence in 
the relationship of algae to protozoon. 

From eight different clones growing in the laboratory, two of opposite mating 
type were selected. These, called C and D, were received from the late Professor 
Jennings in 1940 and have been cultivated continuously. Organisms of opposite 
sex type when mixed show a feeble mating reaction in the early morning usually 
concomitant with the appearance of daylight. The reaction gradually increases in 
intensity and appears to be strongest at noon. The intensity of the reaction gradu- 
ally decredses after 1:30 p.m., becoming feeble again at about 4 p.m. The mating 
reaction leading to conjugation does not occur in the clones under investigation be- 
tween 4:30 p.m. and 5 a.m. The paramecia are readily cultivated in autoclaved 
lettuce infusion and grown in glass-covered flasks exposed to light coming from the 
north. Attempts were made during experimentation to reduce the entrance of 
bacteria to a minimum but relatively small numbers of bacteria of undetermined 
species were present which did not interfere with the mating reaction or conjuga- 
tion. When paramecia are mixed at the proper time, the mating reaction and conju- 
gation have never failed to occur in the seven years the cultures have been under 
observation. 

-aramecia to be irradiated were selected from rich cultures which when tested 
gave the mating reaction. Concentrated paramecia were then placed in small 
celluloid boats measuring 4 <x 24% cm. and containing six cubic centimeters of 
their original clear culture fluid, then irradiated. Controls were used in every ex- 
periment. Paramecia for experimentation and controls were concentrated by 
simply removing them with a pipette from the upper surface of the cultures where, 
in daylight, they are found to congregate in great numbers. 

The x-ray generator at the Marine Biological Laboratory is one of the most 
powerful in use for biological experimentation. It operates simultaneously two 
Coolidge tubes with a current through each of 20 to 30 milliamperes and an alter- 
nating voltage of 150 to 200 kilovolts peak. One tube is mounted rigidly near 
the floor and the other tube is supported on a counter-balanced arm which allows 
it to be moved vertically and in line directly over the fixed tube. The celluloid 
boats containing the paramecia to be irradiated were placed between the two tubes 
and were thus “cross-fired” by the two x-ray beams. Since the tubes can be 
brought very close together, the intensity of radiation upon the paramecia is ex- 
tremely high, producing 6100 roentgens per minute. Furthermore, the distribu- 
tion of radiation is more uniform than would be posible with a single tube. The 
two Coolidge tubes are water-cooled and since an electric fan was directed on the 
irradiated material, the slight rise in temperature was negligible during irradiation. 
Temperature was taken with a small thermometer whose bulb was placed directly 
in the boats of irradiated paramecia. 


General effects of irradiation of Paramecium bursaria with x-rays 


It has been known for a long time that paramecia are able to survive ex- 
ceedingly high dosages of roentgen rays. Irradiation of P. bursaria with 100,000 
r results in greater activity of the organism. They swim faster than the con- 
trols, and unlike them do not settle on the bottom of the container. 
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With dosages of 200,000 r and higher, there is a noticeable retarding of mo- 
tility until at those dosages approaching 900,000 r the animals show little move- 
ment although the cilia even at 1,000,000 r beat erratically. Even at dosages up 
to 900,000 r the paramecia swim in their characteristic manner in the form of a 
left spiral although in a wobbly fashion. 

With dosages of 200,000 r and less, the effects of irradiation appear to be lost 
within a day and all or nearly all of the individuals survive and reproduce. This 
increase in numbers is seen when irradiated specimens are examined periodically 
each day for a week or more. 

When irradiated with 300,000 r the paramecia at first move less actively than 
the controls but after a day swim actively. At this and lower dosages, the para- 
mecia are capable of trichocyst extrusion when irritated. 

An important effect of irradiation with 300,000 r and above is the destruction 
and loss of the zoochlorellae. Two or three days after irradiation, the paramecia 
appear paler than before exposure to x-rays and eventually become colorless. Is 
the colorless condition due to the fact that the paramecia multiply while the zodchlo- 
rellae multiply more slowly? This is hardly the case since roentgen rays inhibit 
division of the ciliate for a number of days after irradiation. Practically all of the 
contained zoochlorellae appear to be destroyed as a result of irradiation but some 
may persist in a blanched or colorless state. The last green zodchlorellae to dis- 
appear from irradiated specimens are the few that are lodged tightly against the 
cortex and close to the trichocyst layer. 

Single isolations were made from pure-line mass cultures of colorless P. bur- 
saria which were bright green with many zoochlorellae before irradiation. These 
experimentally produced, colorless specimens have multiplied, resulting in pure- 
line mass cultures which have the same sex type as before irradiation and which 
readily mate and conjugate with specimens of the opposite sex type. They are 
being maintained in permanent culture, are still colorless and are being cultivated 
in flasks exposed to light in the same manner as the green races. 

It is thus possible to obtain races of colorless P. bursaria which should prove 
to be useful in a number of experiments dealing with nutrition and symbiosis, 
serology, the mating reaction and conjugation. Such x-ray induced colorless 
forms are capable of living apparently indefinitely even though they change their 
type of nutrition from a purely holophytic or symbiotic one to a holozoic type in 
which they must now be dependent upon bacteria in the medium as food. Since 
it is evident that bacteria are killed in heavily irradiated cultures even though the 
protozoa are not (Brown, Luck, Sheets and Taylor, 1933), the author inoculated 
such irradiated cultures of colorless P. bursaria with bacteria known to support 
growth in other colorless races grown in the laboratory. In this manner the para- 
mecia were prevented from starving. Such colorless clones are capable of demon- 
strating the mating reaction and conjugation with normal green ones of the oppo- 
site sex type. 

From 400,000 ry to 1,000,000 r, irradiation is seen to result in a decrease in num- 
bers of paramecia. With irradiation of 400,000 r, 500,000 r and 600,000 r, it is 
possible to obtain survivors and begin new clones all of which are colorless and 
which later readily mate and conjugate. 

Optically active crystals are not found in normal green P. bursaria but they are 
present in other species of Paramecium. In x-ray induced colorless P. bursaria 
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crystals soon appear in fairly large numbers and the result is similar to that re- 
ported by the author (Wichterman, 1941) in which specimens of P. bursaria 
were placed in total darkness for long periods of time. Such specimens when 
placed in darkness lost most but not all of their zodchlorellae, and optically active 
crystals appeared. However, when placed back again in light, the zodchlorellae 
soon increased in number and the crystals completely disappeared. With P. bur- 
saria irradiated from 300,000 r to 600,000 r, the green zodchlorellae disappeared 
while the crystals became permanent structures even when kept in light. 

When irradiated at these higher dosages, the survivors at first show great vari- 
ation in size from the normal showing dwarfs measuring 64 in length and 24 » 
in width to giant forms measuring 120, in length and 50, in width. Survivors 
of these higher dosages swim forward in a left spiral but in a slow, wobbly man- 
ner and appear to be fragile and easily broken. Cyclosis which is more rapid in 
P. bursaria than any other species is barely detectable in the survivors when ex- 
amined immediately after being irradiated with 600,000 r. At this dosage small, 
clear, structureless vesicles form upon the pellicle which grow to a size of 8 », then 
leave the body. A similar phenomenon was noted by Crowther (1926) in ir- 
radiated Colpidium colpoda, a ciliate closely related to Paramecium. 

Irradiation with x-rays markedly increases the viscosity of the protoplasm; 
higher dosages lead to irreversible coagulation. Survivors that had been irradi- 
ated with 600,000 r are colorless individuals which later show the normally rapid 
cyclosis so characteristic of this species. Contractile vacuoles are seen with 
great clarity and the ciliates possess numerous crystals such as are found in other 
species of Paramecium. At the present time, colorless ones which were green and 
had been irradiated with 300,000 r and 600,000 r are flourishing in permanent cul- 
ture in the laboratory. 

One can obtain survivors from clones irradiated with 600,000 r and produce 
rich cultures but above this dosage there are no survivors. When irradiated at 
dosages of 700,000 r, 800,000 r, 900,000 r, and 1,000,000 r the mortality is seen to 
be exceedingly high soon after irradiation. None survive after the paramecia are 
transferred to fresh, unirradiated lettuce infusion even when inoculated with bac- 
teria. With 700,000 r, paramecia swim very slowly and die in about five hours. 
With dosages of 800,000 r and 900,000 r the effect is similar with cytolysis oc- 
curring in many. Most specimens die within an hour after irradiation. When ir- 
radiated with 1,000,000 r and then examined immediately most, but not all, of the 
animals are seen to be dead. Dead or dying specimens appear swollen or spindle- 
shaped. The last sign of life that is observed is the movement of cilia which are 
seen to beat in an erratic manner. 


Effect upon mating reaction and conjugation when both sex types are irradiated 


Individuals from highly reactive cultures of opposite sex type were irradiated 
at one time at a given dosage. The dosages ranged from 100,000 r to 1,000,000 r 
in steps of 100,000 r. The mating types were mixed immediately after irradiation 
then observed under a low power binocular microscope. The results at given 
dosages follow and are shown in Table I. 
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TABLE [ 


Effect of roentgen rays ogee locomotion, the mating reaction and seapmagetnes of Paramecium bursaria 





Effect on mating reaction and conjugation 
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of opposite sex types were mixed directly | when mating reaction preceded by the mating 
(Cand D) | after irradiation first occurred reaction was seen 
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selina mae edlitiaitacualeaian —___—|- wad siderite te ae 
400, 000 r Slower than | As ieee but 45 min- 3rd, 4th onl 5th (no 
normal | utes after mixing | data Sepene 5th day) 
ew a a i — mel sabia dieenbitiniien alata 
500,000 r | Slower than| No mating reaction 3rd day, sles daily | Few pairs on 7th 
| normal day and more on 
following days but 
| most on 12-14th 
ae sicinecstl setneg a  g aipaaed 
600,000 r | Steen then! No mating reaction | 3rd day, then daily;| Few pairs on 7th 
| normal | clumps increasing in| day and more on 
| size | following days but 
most on 12th-14th 
700,000 r | Very slow No mating reaction | Never | ‘Meee 


moving : 


800,000 r | Very slow No mating reaction | Never Never 
moving 





900,000 r | Very slow No mating reaction | Never | Never 
. | | 
moving | 


1 1.000, 000 r No locomo- | No mating reaction | Never Never 
tion but 

ciliary 
activity | | 


a. Effect of 100,000 r 


Upon mixing immediately after irradiation small groups of two to five para- 
mecia were formed which after approximately five hours dispersed into singles 
again. On the other hand, the controls when mixed at the same time showed huge 
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clumps of a hundred or less individuals which ended in pairs undergoing conjuga- 
tion. It was not until approximately six hours after irradiation that the para- 
mecia settled characteristically on the bottom of the dish in their normal swim- 
ming manner. Apparently the effect of irradiation at this dosage is lost in this 
time, and all individuals survive. However on the following day there is a normal 
mating reaction with the formation of large clumps which now culminates in con- 
jugation. It is clear that irradiation at this dosage prevents conjugation on the 
day of irradiation but does not stop a weak mating reaction from taking place. 
b. Effect of 200,000 r 

The effect at this dosage is very similar to that mentioned above except that 
the paramecia before mixing are seen to move less actively than the controls while 
those irradiated at 100,000 r were more active than the controls. When opposite 
sex types were mixed, small groups of two to five paramecia formed which sepa- 
rated into singles again four hours after irradiation. On the day following ir- 
radiation the normal mating reaction occurred which was followed by conjugation. 


c. Effect of 300,000 r 


When mixed immediately after irradiation, small clusters of paramecia are 
formed which separate into singles again. The mating reaction again occurs on 
the day following irradiation but the individuals leave the clumps as _ before. 
However on the second day following irradiation, the mating reaction occurs with 
the formation of larger clumps which now results in conjugation. 

In dosages up to 300,000 r no appreciable lethal effects were noted. At this 
dosage and above, animals appeared blanched or pale green several days after ir- 
radiation. Later they become colorless. Clones started from isolated colorless 
individuals regularly demonstrate the typical mating reaction followed by conju- 
gation when mated with normal green P. bursaria of the opposite sex type. 


d. Effect of 400,000 r 


Upon mixing after this dosage there is.no immediate clumping but after about 
45 minutes, groups form of eight or.more individuals. A few small clumps per- 
sist for about 10 hours after irradiation which subsequently break down into singles 
again. This mild clumping reaction occurred daily for the next five days following 
irradiation but did not result in conjugation during that time. Information is not 
available beyond this time. At this dosage there is a noticeable decrease in the 
population of paramecia in the cultures indicating a marked lethal effect. The 
survivors show little activity while the controls are very vigorous. 


e. Effect of 500,000 r 


When mixed after irradiation, no clumping of the paramecia occurred; it was 
not until the third day after irradiation that the mating reaction occurred in which 
small clumps of two to five individuals were formed. This mild mating reaction 
then occurred on all subsequent days but did not result in conjugation until a 
week after irradiation when only a few pairs were present. More pairs formed 
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daily until a maximal number was reached on the thirteenth day. This dosage 
resulted in an appreciable decrease in numbers of paramecia and also induced great 
variation in size of specimens. 


f. Effect of 600,000 r 


No immediate clumping reaction resulted upon mixing but the first appearance 
of the reaction occurred three days after irradiation. Clumps then consisted of 
five or less individuals which failed to result in conjugation. After the third day 
following irradiation clumping occurred daily and did not result in conjugation 
until on the seventh day when a few conjugants were found. The greatest number 
appeared on the 12—14th day following irradiation. 

Colorless individuals as a result of irradiation at this dosage and at 300,000 r 
are being maintained in permanent culture. 


g. Effects of 700,000 r to 1,000,000 r 


No mating reaction occurred as a result of these dosages and the animals were 
seen to move very slowly. Paramecia were unable to survive and all died ap- 
proximately one to seven hours after irradiation. 


Effect upon mating reaction and conjugation when only paramecia of one sex 
type were irradiated and mixed with normal, unirradiated paramecia of op- 
posite sex type 


When paramecia of one sex type are irradiated and mixed with normal, unir- 
radiated paramecia of the opposite sex type, the mating reaction and conjugation 
occur. 

With 300,000 r and less, types C and D of irradiated paramecia produce large 
clumps when mixed with unirradiated specimens of opposite sex type. These 
characteristic clumps of the mating reaction are approximately as large as in 
the controls but require more time to be formed. Similarly, with increased dos- 
ages of.roentgen units, the lag at which conjugation first appears is lengthened. 
As an example, those irradiated with 300,000 r and mixed with normal specimens 
of the opposite sex type form clumps of -twenty to thirty paramecia in approxi- 
mately 25 minutes which an hour later develop into clumps of 100 or more speci- 
mens. Subsequently, these large clots then break down until 644 hours after 
mating only singles are left. On the day following irradiation and mixing, clump- 
ing recurs (which in one experiment yielded only one pair firmly joined in conju- 
gation). On the second day clumping recurs which leads into the formation of a 
number of conjugants but on the third day following irradiation many conjugants 
are produced after the mating reaction. 

After irradiation of one sex type with 400,000 r to 700,000 r, the paramecia 
enter into the mating reaction with normal, unirradiated specimens of opposite sex 
type. The clumps however, are very slow in forming and they are much smaller 
than in the controls. Thus it requires approximately one hour to form a clump 
of a dozen or so paramecia when one type is irradiated with 400,000 r and there 
is evidence to show a prolongment of the reaction as noted in the persistence of 
small clumps to remain long after the animals are mixed. The lag in time in con- 
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jugation after the mating reaction increases with the dosage of irradiation until at 
700,000 r there is a mating reaction which does not lead into conjugation since 
the irradiated specimens do not survive this dosage. 


Result of mixing irradiation-killed paramecia of one sex type with living unir- 
radiated paramecia of opposite sex type 


The author (Wichterman, 1940 p. 437) observed and reported the instance of 
a union resembling conjugating pairs of a living Paramecium caudatum with a dead 
specimen and raised the question of nuclear behavior occurring in the living 
member. 

Boell and Woodruff (1941) reported a specific mating reaction between living 
Paramecium calkinsi of one mating type and a single dead animal of opposite type 
in their studies dealing with metabolism of mating types. Later Metz (1947) des- 
cribed the induction of “pseudo selfing” and meiosis in Paramecium aurelia by 
formalin killed animals of opposite mating type. He reported that after mixing, 
clumps of living and dead paramecia broke down in 60-90 minutes releasing single 
living animals and also pairs of “pseudo selfing” animals. Pairs joined only at 
the anterior or “holdfast” region and remained united for approximately five hours. 
“Pseudo selfing” and conjugation animals appeared to have about the same meiotic 
time table. 

Since it has been shown that dead paramecia of one sex type induce clumping 
with living members of opposite sex type, experiments were undertaken to dis- 
cover whether P. bursaria killed by irradiation would induce the clumping phe- 
nomenon with living unirradiated paramecia of the opposite sex type. 

Paramecia were killed with dosages of 700,000—1,000,000 r, the speed of 
mortality depending upon the dosage. It should be remembered that generally be- 
fore the onset of death, cytolysis occurs in many. After irradiation with 900,000 
and 1,000,000 r dead paramecia were mixed with living members of the opposite 
type. There was no immediate clumping such as is found in the typical mating 
reaction. However, a striking phenomenon occurred soon after mixing which at 
first was strongly suggestive of the mating reaction. Large numbers of living 
specimens of one sex type clumped around intact dead and disintegrating speci- 
mens of the opposite sex type. This appears to be a simple food-reaction such as 
is found when paramecia congregate around a cluster of bacteria since the phe- 
nomenon can be demonstrated when living unirradiated specimens are mixed with 
irradiation-killed paramecia of the same sex type. Soon after complete cytolysis 
of dead paramecia, large protoplasmic islands or masses became evident which 
strongly attracted the living specimens. This did not induce or result in the 
conjugation of living specimens of the one sex type. 


Effects of irradiated culture fluid upon unirradiated P. bursaria 


Brown, Luck, Sheets and Taylor (1933) studied the action of x-rays upon the 
ciliate Euplotes taylori as well as the effect of irradiated culture fluid alone on the 
ciliate. They reported that culture fluid when exposed to x-rays did not produce 
toxic effects or induce death in Euplotes. On the other hand Piffault (1939) re- 
ported that irradiation of culture fluid in which Paramecium aurelia were swim- 
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ming may produce secondary or toxic effects which should be taken into account 
in this type of investigation. 

Taylor, Thomas and Brown (1933) found that dosages of 46 x 10* r produced 
death of Colpidium campylum within 15 minutes following exposure. They re- 
ported that x-radiation with 35 x 10* r of a sterile culture medium of 10 per cent 
yeast extract, tap and distilled water rendered the medium highly toxic or lethal 
to the ciliates. Their tests showed hydrogen peroxide in the irradiated water in 
concentrations above 1: 100,000. They found that de-oxygenated water follow- 
ing the irradiation gave negative tests for H,O, and was not toxic to colpidia. 
Organic materials such as sheep’s blood, agar, gelatin and bacteria, added to the tap 
water before or after its x-radiation, protected the colpidia against its toxic action. 
They believed that hydrogen peroxide was in large measure responsible for toxic 
and lethal effects but suggest that other toxic agents may be produced. 

To test the effects of irradiated culture fluid upon unirradiated specimens of 
Paramecium bursaria, experiments were performed in which clear, original cul- 
ture fluid with paramecia of one sex type (C) was irradiated with 1,000,000 r, 
900,000 r, 800,000 7 and 700,000 r. When one cc. of animal-free fluid from these 
irradiated sets was mixed with three cc. of unirradiated culture fluid containing 
paramecia of the same or opposite sex type (D) no toxic or lethal effects could be 
distinguished. The same was true when mating type D irradiated fluid was added 
to unirradiated animals of the same sex type or opposite sex type. In daily ob- 
servations over a period of eight days, there was multiplication of the paramecia 
with many fission stages evident. 

These experiments also disclosed another interesting phenomenon. When 
paramecia were irradiated at these high dosages and the irradiated animal-free 
fluid of one sex type was introduced into cultures of unirradiated paramecia of the 
opposite sex type, clumping of paramecia occurred. The clumps, consisting of a 
dozen or less paramecia, resembled those characteristic of the mating reaction. 
The clumps did not lead to selfing or conjugation but broke down into single 
animals. The fluid lost its ability to induce clumping again when kept for a 
day and tested. Since the same phenomenon occurred when irradiated, animal- 
free fluid of one sex type was introduced into cultures of living unirradiated 
specimens of the same sex type, the clumping is evidently not a mating reaction. 

Although not dealing with irradiation studies, Chen (1945) reported that ani- 
mal-free fluid from a Russian clone of P. bursaria induced clumping and con- 
jugation among animals of another mating type even though the latter belonged 
to a different variety. While the phenomena may be similar to those found in 
certain algae and other Protozoa, this is probably an example of a “killer” action 
and not a sex type action. 


Effects of irradiation upon joined conjugants of P. bursaria 


Experiments were performed in which celluloid boats containing 50 or 100 
joined pairs of conjugants were irradiated with 300,000 r. Paramecia of opposite 
mating types and highly reactive were mixed and allowed to form pairs in con- 
jugation. After conjugants were firmly united, pairs were removed with a micro- 
pipette and equal numbers then placed into two containers. One container of 
conjugants represented the controls while the remaining container of conjugants 
was irradiated 19-20 hours after mating with 300,000 r. Both control and ir- 





Hours after 
mixing 
opposite 
mating 
types 


20 
204 
214 


~ 
nie oe ed 


Nw mM bt hoe Ww bo te be 
wu & SW Ww bt 


oe 


i) 
a 


264 


81 


RALPH WICHTERMAN 


TABLE I] 





Length of time control and irradiated conjugants of P. bursaria 
remained joined together in conjugation process* 
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| 
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remaining in | 
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<=} Note: All of controls separated 
at this time while irradiated 
conjugants are just beginning 
to separate. 


Note: Nineteen irradiated 
pairs of conjugants died dur- 
ing the process. 


| 1 pair died and discarded 


1 pair died and discarded 


| 1 pair died and discarded 
1 pair died and discarded 


| 2 pairs died and discarded 
7 pairs died and discarded 
| 4 pairs died and discarded 


2 pairs died and discarded 


* In this experiment there were used 50 pairs of control conjugants and 50 pairs of conjugants 
irradiated with 300,000 r 19-20 hours after mixing members of each sex. All paramecia of 
one sex type came from one culture while all members of the opposite sex type came from another 
lemperature during experiment: 24.5—2 


culture. 
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radiated conjugants used in an experiment always came from the same cultures, 
each of course containing the opposite sex types. The temperature ranged be- 
tween 24.5-27° C. and was the same for each container at any given ttme. Con- 
jugants of P. bursaria remain joined together in the sexual process for approxi- 
mately 24 hours at 25° C. (Wichterman, 1946, 1948). 

A typical experiment consisting of 50 pairs of control conjugants and 50 pairs 
of irradiated conjugants is shown in Table II. An examination of the table dis- 
closes that all of the control conjugants separated into exconjugants 2114-2414 
hours after mating It is at about this time however, that the first of the irradiated 
conjugants begin to separate. It will be seen from the table that irradiated con- 
jugants separated into exconjugants 24-81 hours after mating. 

Of the 50 irradiated conjugants, 19 died during the conjugation process. Ir- 
radiated conjugants, like normal ones (as is the case with normal and irradiated 
single specimens ), spiral to the left. Irradiated conjugants, especially those joined 
for approximately 60 hours and longer, become H-shaped. The paramecia sepa- 
rate along their oral surfaces but are held together by a thick conspicuous proto- 
plasmic bridge in the paroral region. This protoplasmic bridge seems comparable 
to that described and figured by Sonneborn (1947, p. 286) in the conjugation of 
P. aurelia. 

DiscuSSION 

In what appears to be an exploratory investigation Bardeen (1906-08) exposed 
paramecia to x-rays and reported that after a 12 hour exposure, no apparent effect 
was noted upon the ciliates. He is the first to have observed the effect of x-rays 
upon conjugants and reported that there was no effect in joined pairs undergoing 
conjugation or upon their offspring. It is likely that he worked with minimal 
dosages but this information is lacking from his account. 

Schneider (1926), Hance and Clark (1926) and Hance (1931) investigated 
the effect of x-rays upon vegetative and dividing forms of Paramecium. Hance 
and Clark found the division rate to suffer a slight initial depression lasting two 
to five days following the exposure. However, the depression was followed by 
complete recovery. This is in agreement with the author’s findings in Paramecium 
bursaria where irradiation was found to temporarily inhibit division. The 
greater the dosage, the greater the delay in fission. If there is survival of para- 
mecia after exposure to x-rays, the fission rate slowly increases until it is similar 
to the controls. Indeed, in two,of nine isolation cultures in one experiment with 
P. bursaria irradiated with 300,000 r and observed daily for 20 days, the division 
rate was greater than in any of the nine controls. 

According to Hance and Clark, dividing specimens showed no different effects 
than typical vegetative ones when irradiated. They reported that doses repeated 
at various intervals generally failed to interfere more markedly with the division 
rate than a single dose. Repeated irradiation caused the paramecia to become 
slightly swollen without apparent interference with their vitality. According to 
these investigators, treatments lasting for 10 minutes to three to four hours de- 
pressed division and longer or repeated exposures under some conditions raised 
the reproductive rate.’ 

1 According to Hance and Clark (1926) the x-rays were produced at 30 kilovolt peak and 


22 milliamperes, filtered through very thin cardboard and applied at a target distance of 25.5 
cm. Such rays produced about 6 X 10” pairs of ions per gm. per second in air. 
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In this regard, Back (1939) irradiated Paramecium caudatum to *%-% of 
the lethal dose and found that division of the ciliates could be suspended for several 
weeks. Accordingly, he considered this lack of division a type of injury inflicted 
upon the organism. 

With Colpidium colpoda, a ciliate closely related to Paramecium, Crowther 
(1926) found that a considerable exposure to x-rays produced little visible alter- 
ation either in the appearance or motion of the organisms. In an investigation 
upon the same species, C. Lloyd Claff (personal communication) came to the same 
conclusion. 

Crowther observed that with a given sub-lethal exposure, the ciliates became 
perceptibly accelerated with rapid and excited appearing behavior followed by a 
zig-zag motion. When removed at this stage, the majority of ciliates survived. 
Lethal effects were noted when the forward progression stopped, vacuoles became 
distended and with the formation of a bubble of clear substance which was ex- 
truded from the body, followed by death. It was found that the protoplasm of ir- 
radiated Colpidium appeared less transparent and distinctly more granular than 
in normal specimens. 

With P. bursaria, somewhat similar effects were noted with sub-lethal dosages 
of 100,000 r in that the paramecia became more active in their swimming be- 
havior. Also similar blebs or vacuoles of a clear, structureless substance were 
formed upon the pellicle of P. bursaria after longer irradiation and active cyclosis 
was considerably decreased or even stopped. 

In an inconclusive paper Baldwin (1920) reported the combined action of 
x-rays and of vital stains upon paramecia but more recently Halberstaedter and 
Back (1943) observed the effect of the combined action of colchicine and x-rays 
and colchicine alone upon Paramecium caudatum. The concentrations of crystal- 
line colchicine in the basic culture media were 0.0005 per cent, 0.00025 per cent and 
0.000125 per cent with the x-ray intensity at the distance of the irradiated 
object being 80,000 r./m. In colchicine combined with x-rays, the paramecia 
were maintained for 48 hours in the colchicine solution then transferred to normal 
culture media for irradiation. They showed that the lethal dose for normal para- 
mecia fluctuated between 200,000 and 700,000 r, the half-value doses lying be- 
tween 300,000 and 250,000 r. Their experiments demonstrated that the im- 
mediate lethal dose is considerably smaller—about 50 per cent—for paramecia 
which received treatment earlier with colchicine. 

Brown, Luck, Sheets, and Taylor (1933) studied the action of x-rays upon 
another ciliate, Euplotes taylori, in culture fluid and on culture fluid alone. They 
found that culture fluid exposed to x-rays did not induce death or produce toxic 
effects on Euplotes. The minimal lethal dose to kill the protozoon was found to 
be 2110 roentgen units per second but much less exposure was sufficient to kill the 
associated bacteria in the culture fluid. Irradiated bacteria were found to be un- 
satisfactory as a source of food for Euplotes. This difference in resistance to 
X-ray exposure made it easily possible to sterilize this ciliate. Their important 
observation adds another method for the sterilization of protozoa and it is very 
likely that many other species can be sterilized in the same manner. 

They found that when Euplotes was irradiated for 100-220 seconds there oc- 
curred a complete cessation of ciliary activity in many of the organisms, the per- 
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centage so affected increasing with the length of exposure. Hours after irradia- 
tion such organisms which were seemingly dead regained ciliary movement later. 

Later Back and Halberstaeder (1945) made a compreshensive study of the 
effect of x-rays upon P. caudatum and its culture fluid. They found that doses of 
100,000 r were without visible effects. This is in agreement with the author’s 
findings with P. bursaria at this dosage and the paramecia completely recover al- 
though they appear excited immediately after irradiation. However, with in- 
creased irradiation of paramecia Back and Halberstaeder noted visible alteration of 
the manner of movement. The change was noted when one-half of the immedi- 
ate lethal dose was applied. Cilia failed to behave normally and the paramecia 
swam irregularly backward and forward. With greater dosage, movement ceased 
and cytolysis occurred. They reported that complete cessation of movement 
served as an indication of the impending death of the organism and define the 
immediate lethal dose for P. caudatum as that dose which produced complete ces- 
sation of motility within 10-15 minutes after irradiation. When 1,000,000 r 
were applied to the culture media alone, no toxic or secondary effect was observed 
when paramecia were placed in the irradiated fluid. This experiment was repeated 
by the present author with P. bursaria who also found no toxic effect upon the 
ciliates which is in sharp contrast to the reports of Piffault (1939). It occurs to 
the author that Piffault may have first killed the bacteria in his irradiated para- 
mecia cultures thereby depriving the ciliates of their source of food. In the ex- 
periments reported in the present paper, bacteria known to support growth in 
other colorless races, were added to the irradiated paramecia. Perhaps the sec- 
ondary effect reported by Piffault is nothing more than starvation of the paramecia. 

Back and Halberstaeder (1945) performed experiments to determine the dif- 
ference in roentgen-ray susceptibility between immediate (family) and remote 
(clone) descendents of a single individual. The family represents four to eight 
descendents of a single organism. Applications of 200,000 r caused death in a 
small percentage of the irradiated population. With increase in the dosage, this 
percentage rises. At 600,000 r, almost all the irradiated specimens died. All 
survivors of this treatment died after the dose was increased to 700,000 r. The 
dose which produces a 50 per cent mortality rate lies between 350,000 r and 
400,000 r. 

They found that when paramecia were irradiated in the same drop, members 
of a clone died at different roentgen-ray doses. However, under the same con- 
ditions, members of a family always died at the same dose. 

Concerning tolerance to irradiation of clones within a species, the present 
work on Paramecium bursaria disclosed a difference in the mating types which 
may only be racial. It was found that members of mating type C are more sus- 
ceptible to x-rays than those of opposite mating type D. 

It is noteworthy to point out that no one has attempted to make a cytological 
study of the nuclei or nuclear behavior in irradiated paramecia. Such a study is 
likely to yield interesting and valuable results. 


SUMMARY 


1. Individuals of opposite mating type of Paramecium bursaria were irradiated 
with roentgen rays at dosages ranging from 100,000 r to 1,000,000 r in steps of 
100,000 r. 
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2. After 100,000 r, locomotion of the paramecia became markedly accelerated 
but with higher dosages locomotion was retarded. None was able to survive 
dosages of 700,000 r or more. 

3. Clones of P. bursaria have been established in the laboratory from specimens 
irradiated with 300,000 r-600,000 r. One result of such irradiation is the de- 
struction of the contained green symbiotic zoochlorellae living with in the para- 
mecia. A method is now available for the production of colorless clones of P 
bursaria. 

4. Colorless P. bursaria as produced by irradiation have the same sex type as 
before irradiation. Such specimens readily mate and conjugate with members of 
the opposite sex type. 

5. Members of one mating type are more susceptible to x-rays than those of 
opposite mating type. This may in reality be only a racial, not a sexual difference. 

6. Paramecia of opposite sex types will, when irradiated and mixed, enter into 
the mating reaction. Clumps thus formed are smaller than in controls and the 
time taken to form them is greater. The lag in time between conjugation and the 
mating reaction is dependent upon the dosage. 

7. Irradiated conjugants remain joined together in the sexual process much 
longer than those of the controls. 

8. Irradiation inhibits division but the effect is only temporary. After a pe- 
riod of time (depending upon the dosage) survivors have a division rate similar 
to control specimens. 

9. Irradiated culture fluid has no toxic or lethal effect upon unirradiated speci- 
mens of P. bursaria. 

10. Irradiation-killed specimens of one sex type do not mate or conjugate with 
living, unirradiated members of the opposite sex type nor does it result in selfing. 
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STUDIES ON MARINE BRYOZOA. II. BARENTSIA LAXA 
KIRKPATRICK 1890 


MARY D. ROGICK 
College of Ne uw Rochelle, New Rochelle, New York 


INTRODUCTION 


The purpose of the present study is (1) to report the occurrence of Barentsia 
laxa Kirkpatrick, 1890, an Entoproct of the Family Pedicellinidae, in the waters 
of Woods Hole, Massachusetts, thus adding to the list of species already reported 
from that area; (2) to call attention to the interesting association between this 
species and Cliona-supporting |’enus shells; and (3) to give a more detailed, more 
completely illustrated account of the morphology and reproduction of this species 
than has been available up to now. 

Most grateful acknowledgment is due the Marine Biological Laboratory of 
Woods Hole, Massachusetts, whose Supply Department and Collecting Crew 
dredged the specimens, and also to the Laboratory for working facilities without 
which this study would not have been possible. 


HIsTORY 


Barentsia laxa was originally described by Kirkpatrick (1890, p. 624, Pl. XVII, 
Fig. 6) from a station between Orman’s Reef and Brothers Island (Gaba), Torres 
Straits, which are between Australia and New Guinea. It was next reported 
from the Bay of Bima-and east of Pajunga Island, Kwandang Bay, the Malay 
Archipelago, by Harmer (1915, p. 32, Pl. II, Figs. 10-11). Livingstone (1927, 
p. 69) reported it from the coastal waters of Queensland, the Great Barrier Reef 
and outlying islands of Australia. Hastings (1932, p. 401) briefly noted that 
Barentsia laxa had been previously reported from Australian waters. Marcus 
(1938, pp. 10-11, Pl. II, Fig. 3; 1939, pp. 212-214, 275, Pl. 20, Fig. 51) reported 
it from the Bay of Santos, Brasil, and Osburn (1944, pp 10-11, Fig. 3) reported 
it from Chincoteague Bay, Chesapeake Bay and from a station 15 miles east of 
Great Point , Nantucket Island (in the Atlantic Ocean). The species thus has 
been reported only a few times and from widely separated areas. 

Barentsia laxa was found on various substrates by the aforementioned workers : 
(1) on Flustra cribriformis by Kirkpatrick; (2) on a coral, Porites, by Harmer ; 
(3) on coral, shells, sea weeds and other Bryozoa by Marcus (1938, p. 10) ; and 
(4) on hydroid stems, oyster shells and over Anguinella palmata by Osburn. 
The exact dates of collection or the breeding time of Barentsia laxa have not been 
recorded by the earlier workers although some observed larvae in the colonies. 
Such data would be useful to those doing experimental work on the species. 

The following data are based entirely on the Barentsia laxa specimens collected 


at Woods Hole. 
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COLLECTION DATA 


The present Barentsia laxa was collected in Great Harbor, Woods Hole, 
Massachusetts, at a depth of approximately 30 to 50 feet, on the following dates: 
VITI-25-1945, VIII-10-1945, VII-25-1946, VIII-8-1946, VII-25-1947, VIII-7-1947 
and VIII-28-1947. 

A number of empty Venus shells encrusted with yellow, boring Cliona sponge, 
dredged by the Collecting Crew for use in the Invertebrate Zoology Course of the 
M.B.L., were transferred to aquaria which were supplied with running sea water. 
On these shells were tufts of Barentsia laxa, half an inch tall and from one-half 
to one inch in extent. The colonies were a tan or grey color and of rather soft 
texture. Some of the ]enus shells were badly riddled and covered with sponge. 
The Barentsia was more abundant on these than on the cleaner, less diseased 
shells. It grew as well directly on the sponge surface itself, that is, on the patches 
of sponge covering or eating through the shell, as it did on the shell proper. It 
was much easier to scrape the Barentsia from the sponge surface than from the 
shell surface; thus the stolons as well as the rest of the colony could be obtained 
intact. Although numerous Pecten, Crepidula, other Pelecypod and Gastropod 
shells were dredged from Great Harbor, they seemed to be much less utilized as 
substrates by Barentsia laxa than were the Cliona-infested Venus shells. How- 
ever, some fine extensive colonies were found on a large cinder clinker, so B. laxa 
is not found exclusively on shells or other animals. 

Barentsia laxa colonies are quite hardy and very easy to keep in the laboratory 
without any particular care or feeding other than to have fresh running sea 
water flowing constantly into their aquarium. Colonies collected in July 1947 
were still alive by September 4, 1947, although many of the individuals had lost 
their heads and were in the process of regenerating new ones. Some of the 
slender stalks were headless but still alive and writhing about. 

Free-swimming larvae and embryos in various stages of development were 
obtainable throughout the time of study (July 25 to September 4) and very prob- 
ably considerably earlier and later. 


GENERAL MORPHOLOGY 


Barentsia laxa is the third Barentsia species to be reported from the immediate 
vicinity of Woods Hole. The other two, B. discreta and B. major, were reported 
by Osburn (1912, pp. 13-14). 

Barentsia laxa forms colonies of numerous pin-like individuals crowded to- 
gether to make a soft furry mass or tuft sometimes up to one-half inch in height. 
The colonies grow somewhat more frequently on the inner protected surface of 
an empty Cliona-infested Venus shell near the hinge and umbo than elsewhere. 
Each zoid consists of three major parts: the calyx (head), stalk, and swollen base. 
Each zoid is connected with neighboring zoids by stolons of varying length. 
Measurements of these various parts are given in Table I and the parts are il- 
lustrated on Plate I. 
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CALYX 


The calyx (Figs. 23, 24, 26, 30, 32, 33) bears the tentacles, digestive tract, 
reproductive system, larvae, nephridia, ganglia and nerves, and is at the tip of the 
slender stalk which connects it with the musclar base. 

The anterior, esophageal side of the calyx is flattened. The posterior, in- 
testinal side is more curved (gibbose). Its wall is relatively thin and transparent. 
Internal organs are readily visible. The lophophore may be contracted, with 
tentacles bent inward, as shown in Figures 19, 20, 24 and 33, or may be expanded 
with tentacles spread outward, as in Figures 5, 16 and 22. A strong circular 
muscle layer, whose fibers are indicated in Figures 19, 22, 24, 30 and 33, is present 
in the calyx rim, making possible the closure of the calyx rim or velum over the 
rolled in tentacles. The observed tentacle number ranged from 13 to 23. 

The inner surfaces of the tentacles and the floor of the atrium are ciliated 
(Fig. 16). 

Into the atrium open the mouth, anus, nephridia and reproductive organs. 

The most conspicuous set of organs within the calyx is the digestive tract. 
Its walls are very clearly defined. The tract consists of mouth, pharynx, esopha- 
gus, esophageal valve, stomach (whose upper wall is thickened into a so-called 
“liver’’), intestine, rectum and anus. The pharynx is wider than the esophagus 
which is a fairly long vertical tapering tube (Figs. 15, 24). Beyond the esophageal 
valve is the horizontal, much enlarged sac-like stomach whose wall varies in 
thickness in different areas and in different physiological states. The “liver” 
differs in color from the rest of the tract. It is a deep yellow, sometimes brown- 
ish color while the rest of the tract is white or gray. Large cells stud its surface 
(Figs. 15, 17, 18, 24). The sphincter between stomach and intestine may at 
times be so relaxed (Fig. 26) that the boundary between the two organs is hard 
to define. This is true when a continuous mass of food begins to revolve in both 
organs at the same time, or when food begins to pass from the stomach into the in- 
testine. At other times, the boundary between stomach and intestine is very 
easy to see (Fig. 23). The intestine leads upward, somewhat at an angle, to- 
ward the horizontally placed rectum. The rectum is partially hidden by the 
lophophore, atrium, tentacles and gonads. When full it may cause an elevation 
of the atrial floor (Fig. 42). 

All the chambers of the digestive tract are ciliated although the cilia may be 
more prominent in some parts of the gut than in others. A very conspicuous tuft 
of cilia is found at the entrance to the stomach, near the esophageal valve (Fig. 24). 
Shorter cilia occur in other parts of the stomach also (roof, sides and floor) but 
the abovementioned tuft is the most conspicuous. Cilia line the intestine and rec- 
tum also. 

Barentsia laxa feeds on Protozoa, Bacteria, other small organisms and debris. 
The food seems to get entangled in a strand of mucus in the stomach and the 
whole mass may rotate for a time in one direction (Figs. 23, 26), then reverse and 
rotate in the opposite direction, because of the action of the cilia lining the tract. 
The lower end of the mucus strand is attached for a time to the stomach wall. 
Fecal pellets rotate in either direction in the intestine and rectum as does the 
food mass in the stomach. 
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EXPLANATION OF PLaTE I 


Figures 2, 8 and 9 are free-hand drawings; the remainder on this plate were drawn with 
the aid of a camera lucida. The scale alongside Figure 1 applies to Figures 1, 3, 4, 5, 12 and 
13. The scale alongside Figure 6 applies to that figure alone. The scale alongside Figure 7 
applies to that figure alone. The scale alongside Figure 10 applies to that figure alone. The 
scale alongside Figure 11 applies to Figures 11 and 14. All Figures were drawn from living 
specimens of Barentsia lara. 

Ficure 1. Barentsia laxa zoid showing great flexibility of the upper part (pedicel) of the 
stalk. The pedicel is shown in a double coil, almost hiding the head. The lower part of the 
stalk is less flexible. 

Figure 2. A colony of two individuals, one of which has lost its head and the other pro- 
vided with an “elbow” or additional intercalated musclium from which arises an annulated stalk 
or stolon, an unusual condition. These jointed individuals are very scarce in this species. A 
septum has not yet formed immediately below the intercalated musclium. 

Figure 3. A small colony of four zoids of differing age and length connected by short 
stolons. Most colonies were of this type, i.e., without additional musclia intercalated between 
the basal musclium and the calyx. 

Ficure 4. Shows the great contrast in length between a young and an old zoid. The 
large older zoid is unusual in that it is “elbowed” or provided with an intercalated musclium 
from which arise two stolons. This is not so frequent a condition as that of Figure 3. 

Figure 5. An unusually long zoid with two fully formed musclia (b) and the beginning 
of a third. The middle musclium was separated from the stalk by a septum above and below. 
The uppermost enlargement apparently was not yet far enough developed to have septa. The 
calyx on this specimen had about 17 tentacles. 

Ficure 6. An unusual basal musclium, fused at the lower end and split at the upper end. 

Ficure 7. Portion of a pedicel showing the closeness of the annulations. A few of the 
longitudinal muscle fibers are indicated. 

Ficure 8. Another unusual condition, that of an intercalated musclium giving rise to a 
stolon which continues to grow along the parent stalk, using the latter as a substratum. 

Ficure 9. View of a basal musclium as seen from the basal or attached surface, showing 
the relative position and point of origin of four stolons. 

Ficure 10. An old degenerated calyx is attached by a thin strip of tissue to a newly 
developing calyx which is being differentiated from the tip of the pedicel. 

Ficure 11. A pedicel is topped by a young, regenerating calyx. The old calyx has been 
lost, leaving the small protoplasmic projection from the upper left surface of the young calyx 
as the only remnant of the connection between old and new calyces. The contents of the young 
calyx of Figure 11 are not as far along in development as the calyx contents of Figure 10, or 
more properly, the zoid of Figure 11 lost its old calyx sooner than did the zoid of Figure 10. 
This mode of calyx loss and regeneration is not uncommon, several zoids having been found in 
various stages of degeneration and regeneration. 

Ficure 12. Two zoids showing the characteristic coiling and ceaseless twisting about of 
the upper part of the flexible Barentsia laxa stalks. 

Ficure 13. A typical small colony showing four whole individuals and two which had lost 
their calyces. Two of the stolons are quite long while the others are very. short. 

Ficure 14. A very young zoid. No septum has yet formed to divide the stalk from the 
musclium. 

ABBREVIATIONS USED ON PLATES 


ao—Aboral organ 1—Ovary 
a—Anus m—Pedicel 
b—Basal enlargement or musclium n—Peduncle 
c—Calyx o—Pharynx 
d—Embryo p—Rectum 
e— Esophagus q—Septum 
f—Flagella r—Sperms 
g—lIntestine s—Stolon 
h—Larva t—Stomach 
i—Liver u—Tentacles 
j—Mouth v—Testis 
k— Muscle fibers w—Velum 
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The body cavity or space between body wall and gut is quite empty-looking 
except for very sparsely arranged parenchymal cells whose meshes are exceedingly 
large (Figs. 24, 31), and whose few protoplasmic processes are very slender and 
attenuated. When living specimens were treated with a few drops of a 1 per 
cent aqueous Neutral Red solution the cytoplasm of some of the parenchyma cells 
took up the red color intensely while the nuclei remained light in color. 

A pair of very small nephridia (Fig. 25) occur just in front of the testes, 
ovaries and back of the pharynx, just beneath the artial floor. They are very tiny 
and but for the intermittent flicker of their internal flagella would not have been 
noticed. 

The nervous sytem is difficult to distinguish in living specimens except for a 
ganglion which is present behind the esophagus, above the liver and partially hid- 
den by the ovarial tissue. 

The musculature was not studied in much detail. Muscle fibers were observed 
leading to the esophagus (Fig. 24), in the body wall, lophophore, tentacles, di- 
gestive tract wall, stalk and muscular base. 

Calyces were found either with (Figs. 18, 19, 23, 24) or without (Figs. 17, 22) 
reproductive organs. The latter condition was not uncommon, especially in very 
young zoids. There were calyces with male organs and calyces with female organs 
but hermaphrodites were not observed in the Woods Hole specimens. Further 


EXPLANATION OF PLatTeE II 


All figures on this plate were drawn with the aid of a camera lucida and to the same mag- 
nification, the scale of which is shown at the top of the plate. All are figures of Barentsia lara, 
drawn from living specimens. 

Ficure 15. View of the right side of a young calyx, showing an empty gut but a very 
well developed “liver” (i, very coarsely stippled area). The zoid was without any apparen 
gonads as yet. Drawn VIII-16-1947. 

Ficure 16. View of opened lophophore showing the tentacle arrangement around its rim, 
the vestibule and mouth. The most heavily darkened crescent-shaped structure below the 
lophophore (in the calyx cup) is the “liver.” It is not so large proportionately as in the pre- 
ceding figure. The floor of the vestibule or atrium is slightly raised in the anal region. 

FicureE 17. Calyx as viewed from the esophageal side. The funnel-shaped pharynx- 
esophagus lies along the more flattened side of the calyx. The “cellular” formation directly 
behind the esophagus is the “liver.” Drawn VIII-15-1947. 

Figure 18. View of the right side of a female individual showing an ovary, an embryo 
(d), and two larvae (hk). One larva is passing upward between the bases of the clustered 
tentacles. The other larva is ready for release and beginning to work its way out from among 
the tentacle tips. The thickness of the stomach wall sometimes varies and such variation is 
here shown. The lophophore is tightly contracted, temporarily. Drawn VIII-31-1947. 

Figure 19. View of a male zoid from the intestinal side. The tentacles are folded tem- 
porarily into the vestibule or atrium and the lophophore rim is tightly contracted above them. 
The digestive tract is outlined heavily in black. The testes (v) are the two large masses above 
the stomach, one on either side of the intestine. Drawn VIII-31-1947. 

Ficure 20. View of tentacles curving inward, preparatory to the “closing” of the calyx. 

Ficure 21. Detail of swollen base or musclium, showing the direction of muscle fibers. 
On some specimens, as on this one, mollusk larvae (/) may be attached to the stalk or base. 
Drawn VIII-31-1947. 

Figure 22. View of calyx from intestinal side. The digestive tract is heavily outlined in 
black. Two fecal pellets are shown, one in rectum, one in intestine. The circular musculature 
of the lophophore is indicated. No gonads were present in this zoid at this time. Drawn on 
VIII-17-1947. 
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study is needed to determine if hermaphrodite specimens may occur in Barentsia 
laxa. 

The male gonads are two large dense grey masses, one on either side in the 
space between liver, intestine and rectum (Figs. 19, 23, 26, 28, 29). Numerous 
sperms may be seen as fine thin lines within the testes (Figs. 27, 29). When ma- 
ture the sperms show considerable flickering activity within the testes. Testes 
which have voided much of the sperm material are rather empty-looking (Fig. 28). 

The ovaries are pictured in different stages of development in Figures 18 and 
24. They are located above the liver, around the ganglion and slightly forward 
of the testis position. 

Developing embryos seem to be pushed closer to the intestine, posteriorly 
to the ovary (Fig. 30). 


STALK 


The stalks bearing the calyces are long, slender, flexible and generally sepa- 
rated from the basal enlargement by a partial septum. Their length varies with 
age. The young ones are very short (Fig. 14), the old ones are very long (Figs. 
1, 3, 12, 13) and only occasionally show a tendency to become secondarily jointed 
or articulated along their extent (Figs. 2, 4, 5, 8). This secondary articulation 
was not previously known to occur in Barentsia laxa. The longest stalk measured 
slightly over 9 mm. in length. The Woods Hole B. laxa specimens were gen- 
erally somewhat longer than those reported from other localities. Table I gives 
more complete data on these measurements. 

The stalk terminology is somewhat confusing. Hincks (1888, p. 226) called 


the stiff, lower, proximal part of a Barentsia major stalk the “pedicel” and the 


EXPLANATION OF Piate III 


All figures on this plate are of Barentsia lara and were drawn with the aid of a camera 
lucida, from living material. Scale X applies to Figures 23, 26. Scale Y applies to Figures 25, 
27, 28, 29. Scale Z applies to Figure 24. 

Ficure 23. A male zoid as seen from the posterior or intestinal side. The gut is heavily 
outlined in black. The two testes (v) are shown on either side of the intestine. The direction 
of rotation of the food mass in stomach and intestine is indicated by arrows. Reversal of direc- 
tion follows after a short interval. Drawn on VIII-30-1947. 

Ficure 24. Enlarged view of the right side of a zoid which possesses an ovary, developing 
eggs and embryos. The liver is especially prominent in this specimen at time of sketching 
(VIII-7-1947). Cilia are diagrammatically shown in the pharynx, esophagus, stomach and 
rectum. They are also present in the intestine (here shown empty and collapsed) and in other 
parts of the stomach but are not here shown in all the areas in which they should occur. A 
mesh of a few strands of muscle fibers can be seen attaching to the esophagus. An embryonic 
mass is back of the ovary and directly below the rectum. 

Figure 25. A _ nephridium. 

Ficure 26. A male zoid seen from the left side. A long cord of mucus, to which is 
attached food material, is seen extending from the stomach into the intestine. The opening 
between the stomach and intestine was so large at this particular instant that their mutual 
boundary line was difficult to locate. 

Ficure 27. Diagram of a spermatozoon. Drawn VIII-30-1947. 

Ficure 28. A testis with relatively few spermatozoa in it. Drawn on VIII-30-1947. 

Ficure 29. A testis with many mature sperms in it, close to the limiting membrane. The 
sperms at this stage of development are a flickering mass of fine lines. Drawn on VIII-31-1947. 
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flexible, distal part nearest the head the “peduncle.” Jullien and Calvet (1903, p. 
27) reversed the names for the parts, calling the stalk segment nearest the head 
the “pedicellium” (pedicel) and the stalk segment nearest the enlarged base the 
“pediculium” (peduncle). The basal enlargement they labelled the “musclium 
basal.” Jullien and Calvet’s terminology seems to be more acceptable than 
Hincks’ in this case. 

The pedicel of Barentsia laxa is soft, flexible, annulated (Figs. 1, 7, 10, 12, 24). 
It is slightly and suddenly narrowed at its junction with the calyx (Figs. 19, 26). 
It also tapers, but very gradually, toward the less flexible lower portion of the 
stalk (peduncle). The pedicel is so flexible that it may coil very tightly into one 


EXPLANATION OF PLATE IV 


All figures are of Barentsia laxa and are drawn from living specimens. Figures 40 and 42 
were drawn free-hand. The remainder were drawn with the aid of a camera lucida. Scale X 
applies to Figures 30, 32, 33, 34, 35, 36, 37 and 39. Scale Y applies to Figure 31. Scale Z 
applies to Figures 38, 41 and 43. 

Ficure 30. View of the right side of a female calyx carrying embryos in various stages 
of development. One larva is being released from between the tentacle tips. The parent diges- 
tive tract is heavily outlined in black. 

Ficure 31. A patch of the extremely diffuse parenchymal tissue which partially fills the 
body cavity or space between body wall and gut. It is quite inconspicuous in the calyx. 

Ficure 32. A female calyx as seen from the right side, carrying a number of embryos in 
various stages of development. Twelve embryos or larvae are visible from this side. Three 
larvae are clustered at the tips of the tentacles, ready for release. Two more are shown in the 
vestibule among the tentacles (near the tentacle bases), on their way upward and out. There 
are a number more enclosed in delicate transparent membranes between the liver and the tentacle 
bases. Drawn on IX-1-1947. 

Ficure 33. A female calyx seen from the esophageal side, showing nine multicellular em- 
bryonic masses whose cell detail is not shown. Collected on VIII-28-1947 and drawn three 
days later. 

Ficure 34. Left side of a young larva which had been released from the parent calyx an 
hour earlier. The flat and gibbose surfaces are very distinct in this view. The larval body 
covering is characteristically roughened. 

Ficure 35. Larva with velum or calyx edge expanded. 

Figure 36. Same larva as shown in Figure 35 but with velum slightly contracted or bent 
inward. Drawn on IX-1-1947. 

Ficure 37. Recently released larva showing the stomach and the slightly roughened ex- 
ternal surface. Aboral organ retracted into calyx at the moment. Drawn on VIII-31-1947. 

Ficure 38. Larva just at the instant of release, before it has had time to swim. Its diges- 
tive tract is well defined. The stomach, esophagus and vestibule are especially noticeable. Ten 
tacle buds are distinguishable. Drawn on VIII-31-1947. 

Ficure 39. Basal enlargements of two zoids. The musclium at right shows four stolons; 
the one at left shows a stolon and a stolon bud. These basal enlargements are lined and partly 
filled with heavily granular cells which give them an opaque look. Drawn on VIII-18-1947. 

Figure 40. A released larva seen from anal view, with aboral organ at top, ciliated velum 
expanded and anus visible near the indentation of the velum. Anal opening is functional at this 
stage. Drawn on I[X-1-1947. 

Figure 41. Another view of the same larva but with its calyx rim or velum (w) more 
contracted. 

Ficure 42. A recently released larva seen from the top, showing a fecal pellet, mouth and 
the dark, heavily granular tentacular area. The tentacles are not yet very distinct in this 
specimen. 

Ficure 43. A brood chamber with several larvae in different stages of development. The 
larval blastomeres are heavily granular. Some larvae have already been expelled, judging from 
the emptiness of the chamber. Drawn on [X~-1-1947. 
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or two coils (Figs. 1, 2). This constant coiling and uncoiling is very annoying 
when one is trying to study anatomical details in living specimens. Sometimes, the 
zoids of the whole colony may be actively writhing and bumping heads. The annu- 
lations are very close together (Fig. 7, 24) and may or may not extend all the way 
down to the basal enlargement, depending upon the age of the zoid. Longitudinal 
muscle fibers occur inside the stalk. 


BASAL ENLARGEMENT 


The basal enlargement or musclium is very distinct, even in young zoids 
(Figs. 3, 14, 21). It is cylindrical, tapering sharply and suddenly at its distal 
end to merge with the peduncle. Proximally, the musclium gives rise to one 
or more slender stolons which connect it with neighboring zoids (Fig. 9). It 
is closely annulated, very muscular and capable of some movement (Figs. 12, 21, 
39). Some specimens are fairly transparent (Fig. 21). Others are quite 
opaque (Fig. 39) because of the numerous heavily granular cells within them. In 
the latter state the musculature appears to be outside the layers of opaque cells. 

The cuticle of older basal enlargements thickens and turns yellow but the 
annulations are still visible. 

Occasionaly one sees stalks of very long or old individuals swollen here and 
there (Fig. 5) and a basal musclium (b) making its appearance along the stalk. 
Some of these joints develop so completely that they sprout stolons (Figs. 2, 4, 8). 
This jointed condition is relatively rare, however. 


STOLON 


Stolons are slender, flexible, cylindrical, muscular connections between basal 
enlargements of various zoids (Figs. 2, 3, 4, 8, 13). They vary in length from 
0.07 to 1 mm. They creep along the substratum over or along each other if 
crowded. Figure 8 shows a rather unusual condition, where a stolon has bent 
back to grow along a stalk from which it originated. If several arise from a 
musclium they do so at slightly different levels (Fig. 9). If only two stolons are. 
present they are generally in a straight line across the slightly narrowed bottom 
of the musclium (Fig. 21). If four stolons are present, they are usually or ap- 
proximately at right angles to each other, and in two lines, one line passing 
slightly above the other (Fig. 9). 

Septa occur along the stolons near the musclium but have not been observed 
elsewhere along the stolon (Figs. 9, 21). 


CALYX REGENERATION 


Colonies which are kept in the laboratory for any length of time begin to lose 
their heads, possibly because of inadequate food suply. The internal organs of the 
calyx degenerate and some of the calyces become quite empty (Fig. 10). Under 
these old degenerating calyces may develop a bud from the tip of the pedicel. 
This bud, which will form the new head, is separated from the old head by a thin 
protoplasmic strip (Fig. 10) which becomes thinner or narrower as time goes on, 
until the old head breaks away from the stalk at that point. For a short time the 
protoplasmic remnant projects from the new developing calyx (Fig. 11), then is 





STUDIES ON MARINE BRYOZOA. II 141 


obliterated by the growth of the calyx and the gradual healing of the break. New 
heads may therefore be found on old stalks. It would be interesting to see just 
how many times regeneration of a calyx could take place on the same stalk and 
how fast is the regeneration rate. 

Stalks may remain viable and capable of writhing movement for a number of 
days without their heads. 

When living specimens were stained with a 1 per cent aqueous Neutral Red 
solution the growing tip of the pedicel stained an intense pink in contrast to the 
pale pink color of the rest of the stalk and stolon. 


LARVAE 


Developing Barentsia laxa embryos were found in considerable numbers from 
the last week in July to the first week in September, at Woods Hole. They very 
likely occur earlier and later than the dates indicated but the writer did not have 
the opportunity to collect them earlier or later than these dates. 

Larvae and embryos in various stages of development were found simultaneously 
in the same calyx (Figs. 30, 32). The largest number of larvae observed in a 
parent zoid at any one time was nine but this very likely is not the maximum num- 
ber. The larvae occupy the space above the liver, between the pharynx, intestine 
and rectum. They find their way out through a channel opening into the atrial 
floor and leave the body in front of the anal opening Several larvae may be re- 
leased in succession (Fig. 32) within a few seconds or minutes of each other. 

The larval digestive tract seems to be functioning just before the release of the 
larva from the parent. A fecal mass spins about in the gut of some of the about- 
to-be-shed larvae. Some larvae get rid of a fecal pellet just at the moment of their 
release from the parent calyx. The lophophore of the parent may be contracted 
or relaxed during the release of the larva. Within a few seconds after release, 
the larval body surface becomes roughened and debris-laden. The larvae swim 
about very actively for quite a time, some for at least an hour, others longer. Dur- 
ing this interval the digestive tract becomes more clearly defined although the 
larval body wall is still fairly opaque. The shape of the larva becomes more 
gibbose, as in the adult calyx. The larval body is very flexible. Larvae undergo 
some bodily contortions of shortening and lengthening. They can retract their 
aboral organ, then extrude it again, may temporarily attach to the substratum by 
means of it, slide along the substratum on it, then let go and swim about actively 
again. 

Anatomically, Barentsia laxa embryos show great similarity to embryos or 
larvae of Pedicellina echinata, judging from Hatschek’s beautifully illustrated ac- 
count of the development of the latter species. 

Measurements of a recently released Barentsia laxa larva, with aboral organ 
retracted into body cavity, are as follows: length 0.144 mm., width at widest part 
0.086 mm. 


MISCELLANEOUS DATA 


Some of the other animals found in association with the Woods Hole Barentsia 
laxa are mollusk larvae (veligers), Vorticellids, Pseudofolliculina(?) and the 
following Bryozoa: Aeverrillia armata, Bowerbankia imbricata and Pedicellina 
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cernua. The veliger larvae are deposited in capsules along the Barentsia stalks, 
muscular bases or stolons (Fig. 21). They rotate or squirm about actively within 
their transparent globular capsules. The protozoa are found attached to the caly- 
ces and among the stolons. The Bryozoa grow over and among the stolons and 
enlarged bases of the Barentsia zoids. 

Incidentally, this is the first report of the occurrence of Bowerbankia imbricata 
from the Woods Hole area. It has been observed on a number of occasions in the 
vicinity by the author ; 


SUM MAR\ 


1. This is the first report of Barentsia laxa and Bowerbankia imbricata from 
the immediate Woods Hole region. 

2. A much more complete description, numerous measurements and more de- 
tailed illustrations of Barentsia laxa than have been previously available have been 
here presented. 


3. Larval behavior, time of appearance and place of development for larvae of 
Barentsia laxa have been noted, to aid those who wish to make a further study of 
B. laxa embryology. 
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THE ROLE OF SLIME FILM IN THE ATTACHMENT OF 
FOULING ORGANISMS 


MILTON A. MILLER,! J. C. RAPEAN ? AND W. FOREST WHEDON 


INTRODUCTION 


The attachment of larvae of fouling organisms to submerged surfaces is in- 
fluenced, in varying degree, by many factors. Among these, are several dependent 
upon particular properties of surfaces including the tendency to acquire slime or 
primary films when exposed in sea water. Sometimes called microfouling, these 
films usually constitute the first attachment to submerged surfaces; they are 
formed by marine bacteria, diatoms, and other microorganisms together with ad- 
herent organic and inorganic detritus (Herpin and Duliscouet, 1938; Waksman, 
Ketchum, Phelps, and Weiss, 1941; Whedon, 1937; ZoBell and Allen, 1935; 
ZoBell, 1938, 1939a, 1939b, and 1939c). Some types of paint coatings are de- 
composed by marine bacteria (Darsie, 1943; Renn, 1942), and the decomposition 
products may also contribute to the film. Depending largely on the type of sur- 
face on which it forms, the film may be sparse or copious; silty, granular or 
gelatinous (Adamson, 1937). 

The effect of slime film on attachment of fouling organisms has long been a 
controversial issue. Some investigators have suggested that the presence of a 
slime film on a surface may be prerequisite to the attachment process (Angst, 1923; 
Whedon, 1937-1939). Others, however, have observed that larvae of various 
sedentary organisms may attach to cleaned or newly submerged surfaces before 
any visible film is formed (Hilen, 1923; Whedon, 1939; Miller and Cupp, 1942; 
Miller, 1946). Hence, a slime film is apparently not necessary for attachment of 
larvae. Nevertheless, it may facilitate their attachment. ZoBell (1939c) and 
Phelps (1942), for example, found that slime film on glass surfaces favors at- 
tachment of barnacle cyprids. ZoBell (1939b) suggests that the slime film might 
promote attachment in several ways: (1) by enmeshing the free-swimming larvae 
or otherwise mechanically facilitating their attachment; (2) by discoloring glazed 
or bright surfaces; (3) by serving as a source of food; (4) by protecting the at- 
tached organisms from the toxic constitutents of poisonous paints; (5) by in- 
creasing the alkalinity of the film-surface interface, thereby favoring the deposition 
of calcareous cements; or (6) by influencing the potential of the surface. 

The practical effect of slime film on the antifouling properties of toxic paint 
surfaces has also been a debated question. Following Bray (1923), several au- 
thors have claimed a relationship between the amount of slime film formed on a 
surface and its antifouling properties. Bray first observed that those surfaces 
which developed the heaviest films ultimately became the most heavily fouled. 
Later, however, Bray (1924) noted that plastic types of paints appeared to 

1 Division of Zoology, University of California, Davis, California. 

* Shell Development Company, Emeryville, California. 

3 Science Department, San Diego Junior College, San Diego, California. 

143 





144 MILTON A. MILLER, J. C. RAPEAN AND W. FOREST WHEDON 


form a slime film more readily than others, and that these remained free of foul- 
ing growths for longer periods. He suggested that the slime film (scum) itself 
might act as an antifouling coating by “mechanical hindrance to attachment,’ by 
retaining the toxic agent, or by maintaining a “higher degree of acidity than the 
sea water.” Bray found a correlation of 0.65 + 0.09 (P.E.) between the degree 
of fouling on plates exposed for six months and the acidity of their slime films, 
but he was uncertain as to the reason for it. Adamson (op. cit.) also pointed out 
that gelatinous films which form on some types of surfaces seem to discourage 
fouling attachment, but silty or granular films permit it. 

These early suggestions of a relationship between slime film and fouling led 
to extensive investigations on the subject, notably by Whedon at Scripps Oceano- 
graphic Institution, La Jolla, California (Whedon, 1937-1941) ; by Whedon and 
staff at the Naval Biological Laboratory at San Diego, California (Whedon, et al., 
1942 and 1943); and by investigators at Woods Hole, Massachusetts (Ferry and 
Davidson, 1942; Ketchum and Davidson, 1942; Waksman, Ketchum, Phelps, and 
Weiss, 1941; Waksman, Ketchum, and Weiss, 1941; Waksman, Ketchum, and 
Davidson, 1942). Most of these studies were designed to test specific points in 
the. so-called film theory (see below). They contributed much valuable informa- 
tion on the properties of slime film and of the underlying paint surface. More im- 
portantly, they led to the demonstration that the rate of loss of toxic ions from the 
paint surface (leaching rate) is the primary factor in prevention of fouling 
(Ketchum, et al., 1945; Miller, 1946). As a result, emphasis in research on pre- 
vention of marine fouling shifted to physico-chemical investigations on mechanisms 
controlling the leaching rate (Ferry and Carritt, 1946; Ferry and Ketchum, 1946; 
Ketchum, Ferry, and Burns, 1946). 

According to the slime film theory, the long-term prevention of serious fouling 
on painted surfaces is dependent upon the development of an adequate slime film. 
Such a film supposedly becomes the antifouling surface by taking up and con- 
centrating toxic materials released by the underlying paint. Presumably, the 
toxic substances are either adsorbed by, or combined with components of the 
slime, or precipitated therein. Furthermore, microorganisms in the film are as- 
sumed to aid the release of toxic from the paint in one or both of two ways: (1) by 
lowering the pH at the paint surface thus favoring the solution of cuprous oxide 
or other metallic salts commonly used as toxic ingredients of antifouling paints ; 
and (2) by decomposing the paint matrix, thus accelerating the penetration of sea 
water into the paint with consequent increase in the rate of solution of its toxic 
components. 

The mode of action of the slime film in the prevention of fouling has not been 
clearly stated, although several suggestions have been advanced. The most 
plausible one is that toxic substances, accumulated by the film, might inhibit estab- 
lishment of fouling by releasing toxic ions. Contact toxicity has also been sug- 
gested. Physical effects of the film that have been mentioned include mechanical 
hindrance to attachment of larvae and exfoliation. The term “exfoliation” implies 
that the surface film or pieces of it may be sloughed off, especially when subjected 
to swift currents or to rapid movements of the surface through the water, and that 
any fouling organisms which were attached only to the slime film would also be 
shed in the process. 

There is some more or less presumptive evidence in favor of the slime film 





ROLE OF SLIME FILM IN MARINE FOULING 145 


theory. (1) Toxic substances such as copper may be much more concentrated 
in the slime film than in the underlying paint itself (Whedon, et al., 1942-1943). 
(2) Renn (op. cit.) determined that the acidity of water adjacent to slime-coated 
surface might be increased by as much as 0.6 pH unit as a result of CO, pro- 
duction by microorganisms in the film. Such a change would increase several 
fold the rate of solution of toxic salts, and thus the slime film might contribute 
to the antifouling properties of a surface. (3) Darsie (op. cit.) demonstrated that 
slime film bacteria decompose or utilize w.w. rosin and paraffin which are matrix 
ingredients of certain good antifouling paints, but they do not affect ester gum, an 
ingredient of some inferior paints. His experiments thus indicate that bacterial 
erosion of the matrix may be an important mechanism in the release of toxic 
materials from a paint, and, in this indirect way, the slime film might contribute to 
the effectiveness of a toxic paint. 

In spite of these several ways in which the slime film might accelerate the re- 
lease of toxic materials, repeated tests have shown that the leaching rate of filmed 
surfaces is generally Jess than that of identical surfaces from which the slime film 
has been removed (Whedon, et al., 1943). In extreme instances, the slime film 
over a toxic surface may reduce its leaching rate by half or a third, but the average 
depression in leaching rate would probably not exceed 20 per cent. Occasionally, 
filmed surfaces were found which had higher leaching rates than their non-filmed 
counterparts, but these differences were generally slight and within the experi- 
mental error. When leaching rates are well above the minimum adequate level to 
prevent fouling, the observed differences would be inconsequential except insofar 
as they might influence the effective life of a paint. Maintained over long pe- 
riods of time, however, a depressed leaching rate would tend to conserve the toxic 
content, while long-continued acceleration of the leaching rate obviously would 
hasten its depletion. In the case of so-called borderline paints with leaching rates 
near the minimum adequate level, however, the presence of a slime film might be 
beneficial, detrimental, or neither depending on whether it increases, decreases, or 
has no effect on the rate of toxic loss. Available evidence indicates that the slime 
film (and other factors such as light, color, and surface texture) become increas- 
ingly important as the leaching rate decreases. 

The direct approach to the question of the relationship of primary film to 
fouling would be to compare attachments of organisms to various surfaces with 
and without a coating of slime film. Critical experiments of this sort are difficult 
or impossible to conduct under field conditions for two basic reasons: (1) a visible 
film forms on submerged surfaces in a relatively short time and usually long be- 
fore macroscopic fouling organisms appear, thus making it impossible to maintain 
a slime-free surface during the period of time required for such comparative field 
tests; and (2) it is hard to control adequately the many variables involved in the 
attachment of fouling in nature. Quantitative laboratory tests using larvae of a 
bryozoan, Bugula neritina L., were evolved which eliminated the above-men- 
tioned difficulties. Since Bugula larvae settle within a few hours after they are 
liberated from the parent colonies, they can be used in critical experiments com- 
paring the effects of presence and absence of slime film on larval attachment. 

The primary purpose of the experiments reported in this paper was to deter- 
mine the effect of slime film on the attachment of Bugula larvae to various toxic 
and non-toxic surfaces. It is assumed that the conclusions drawn from these 





146 MILTON A. MILLER, J. C. RAPEAN AND W. FOREST WHEDON 


laboratory studies would have general application since the tests were designed, as 
far as possible, to simulate natural conditions, and since it has been shown that re- 
sults of Bugla larval tests correlate nicely with data obtained in field trials. 


METHODS 


The biological experiments feature two sets of conditions: (1) tests in which 
the free-swimming Bugula larvae were offered panels either completely coated with 
slime film or with the slime film entirely removed, so that the larvae were allowed 
no choice as between filmed and clean surfaces for attachment; and (2) tests 
using panels from half of which the slime was removed, so that attaching larvae had 
an equal chance of settling on filmed or clean surfaces. The former are referred 
to hereafter as ‘‘no-choice tests,” the latter as “choice tests.” 

The general procedure was the same for both types of test. Small, 1 x 3 inch 
panels, appropriately prepared (see below). were suspended in separate glass 
jars, each containing 700 cc. of fresh sea water. Immediately thereafter, a known 
number of active Bugula larvae was added. Tests were started in midmorning 
using larvae that had been liberated from parental colonies earlier in the day. 
Counts of attached larvae were made late in the afternoon of the same day when 
it was evident that no more larvae would settle. (Those that do not affix them- 
selves to the panels either die, or occasionally attach to film or debris at the surface 
of the water, or rarely to the smooth glass sides of the container.) During the 
tests, the water was aerated and slightly agitated by a fine stream of air bubbles 
delivered at the base of the jar by a tapered glass tube. 

Test panels were 1 X 3 inch steel or ground glass plates and were prepared 
as follows. The steel panels were first prime-coated with an anti-corrosive paint 
and then covered with the various experimental formulations. The paints selected 
for study are grouped in four series (Table I, A to D) and differ from each other 
in two important respects, toxicity and matrix composition. From preliminary 
work, both of these variables were suspected of having a significant effect on the 
slime film, and hence attempt was made to test paints differing widely in these 
respects. The results here reported are typical of a much larger number of tests. 

Gradations in toxicity were obtained in two ways: by changing the proportions 
of cuprous oxide in paints within a series, and by the use of different matrices. 
\ non-toxic panel was included in each series, and, as an additional control, 
ground glass slides were used. 

Of the four matrices, three were hot plastic (Table I, Series A, C, and D) and 
one was cold plastic (Series B). The matrices in the three hot plastic series all 
contain paraffin but differ in the resinous ingredient, which, as will be seen, seems 
to be a critical component. It will be noted that the matrices of Series A and C 
differ only in that the latter substitutes ester gum for the w.w. rosin content of 
Series A. In Series D, ester gum is substituted for only one-fourth the w.w. rosin 
content of Series A. 

Prior to testing, the panels were “seasoned” by immersion for a period of four 
to ten weeks in large jars of aerated sea water which was changed at frequent in- 
tervals, usually every other day. During the seasoning period the panels ac- 
quired ample coatings of slime film. 

Just before or sometimes after the larval tests, chemical tests were made which 
included leaching rate determinations and analyses of the copper content of the 
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slime film. Leaching rate tests were made using the method described in de- 
tail by Ketchum and co-workers (1945). Slime films were carefully removed 
from the test panels with a rubber squeegee and dried at 110° C. for analysis. 
After pulverizing in a mortar, the dry films were examined microscopically for 
the presence of eroded paint matrix, and all samples thus contaminated were dis- 
carded. Copper was determined using the sodium diethyl dithiocarbamate method 
(Ketchum, et al., op. cit.) after the organic matter was destroyed with nitric and 
perchloric acids. The subsequent preparation of the panels differs for the choice 
and no-choice attachment tests, and will be described separately. 

a. No-choice attachment tests. Just before testing, the slime film was wiped 
entirely from one member of each duplicate pair of panels, but left intact on 
the other. These panels will be designated the “defilmed” and “filmed” panels, 
respectively. Since each panel is submerged in a separate test jar, the larvae must 
attach either to filmed or to defilmed surfaces, or not at all. 

As an index of toxicity, the percentage of attachment was calculated for each 
panel by dividing the number of larvae attached by the original number placed 
in the test jar. These percentages were compared to determine whether there 
were any statistically significant differences in toxicity between the filmed and de- 
filmed surfaces for each paint. All other conditions being equal, any significant 
differences in frequency of larval attachment must be attributed to an influence of 
slime film. 

b. Choice attachment tests. For these, the slime film was removed from half 
the surface area of each panel. On one side, the slime film was removed only from 
the center half, leaving it intact on the two end quarters; whereas, on the opposite 
side, only the end quarters were wiped leaving the center half covered with film 
(Plate I, Fig. 2). This pattern of wiping was designed to nullify the effect of ex- 
traneous variables, such as light and position, that might influence the larvae in 
their choice of an attachment site. When these panels were suspended in test 
jars (a separate one in each), the larvae thus had an equal chance of settling on 
filmed or defilmed areas. 

At the end of the test, the number of larvae attached to each area was counted. 
If only chance was involved in their attachment, equal numbers of larvae would be 
expected to settle on filmed and on cleaned areas. Any significant deviation from 
a 1-to-1 ratio of attachment between filmed and defilmed areas would therefore 
indicate an effect of slime film. 


RESULTS AND DIscussION 
The experimental data are given in Tables I and II, but for convenience, the 


results on attachment of Bugula larvae to toxic and non-toxic surfaces will be dis- 
cussed separately. 


Effect of slime film on attachment of Bugula larvae to non-toxic surfaces. 


To establish a norm of behavior of the Bugula larvae in the two attachment 
tests, it will first be necessary to consider their reactions to non-toxic surfaces, 
with and without a coating of slime film. As a general rule, the larvae attached 
abundantly and in about equal numbers to both filmed and defilmed non-toxic 
painted panels when they were given no choice of conditions (Table I, Nos. 6. 11, 
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14, and 20; also, Plate I, Fig. 1). If significant differences occurred, they were 
generally small and inconsistent, being sometimes in favor of the filmed, some- 
times the defilmed panels. On ground glass panels (No. 21), however, the slime 
film apparently did facilitate larval affixation as significantly greater numbers of 
larvae attached on the filmed panels than on the defilmed panels. It is pertinent 


TABLE | 


Attachment of Bugula larvae to toxic and non-toxic panels. (1) No-choice test: panels either 
entirely coated with a slime film or with slime film completely removed; attaching larvae thus 
given no choice of surface conditions. (2) Choice test: slime film removed from half of each panel 
so that larvae had an equal choice of attaching to filmed or to defilmed surfaces. 








(1) No-choice test 2) Choice test 
eee pa peneeenien 7 Snes 
Per cent | of sea- I wy ¢ 
: Percentage . Number of larvae | 
Series and type Paint CuxO | soning : > | Typeof | a 7 a 
of paint No in dry prior attachment +S.E. panel with | attached to: F referred 
Paint to a -— greater eee | —- 
testing; _ 2 - i... | > 
| Filmed | Defilmed os | Filmed | Defilmed | surface* 
panels panels |} half | half 
: c : C ' € 
Sertes A 
Hot plastic (matrix 1 37.0 4 1+0.9) 341.7) 4 1 
composed of about 10 4+1.6| 2+1.1 
equal parts of w.w. 
rosin and paraffin) 2 32.0 4 6+1.7) 441.4 - 8 36 Defilmed 
10 23+5.3) 15+4.4 13 9 - 
3 26.0 4 5+1.6| 93+1.7| Defilmed 3 148 Defilmed 
10 5+3.3|) 1346.3 2 23 Defilmed 


4 19.0 4 7+1.7| 79+1.7) Defilmed 1 102 Defilmed 
10 | 79+3.5) 72+5.0 7 51 Defilmed 
5 10.6 4 | 84+2.6) 98+1.1| Defilmed 14 77 Defilmed 
10 | 86+4.4) 95+2.6 39 117 Defilmed 
6 0 4 | 8543.5) 95+1.4| Defilmed| 72 19 Filmed 
(control) 4 76+4.3) 48+4.9) Filmed 95 48 Filmed 
10 100 100 79 5 Filmed 
Series B 
Cold plastic (series 7 36.0 4 341.4] 441.7 3 2 - 
based on Navy 10 0 3+2.4| $ 2 - 
Dept. Specification 
F 143 E) 8 30.0 4 2+1.4| 842.8 3 5 
10 5+3.0) 1+1.4 2 1 
9 19.2 4 1343.1) 17+3.6 52 7 Filmed 
10 | 742.4) 10+4.5 8 - : 
10 9.3 4 | 62+4.6) 8143.3) Defilmed| 90 30 Filmed 
10 | 8743.6) 73+6.8 25 3 Filmed 
11 0 4 | 7643.9) 39+4.8) Filmed 90 6 Filmed 


(control)| 10 | 78+7.4|98+1.4| Defilmed| 56 6 Filmed 
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TABLE I—Continued 
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(1) No-choice test (2) Choice test 
| | Weeks | - 
| | Percent | of sea- r 
a ; | p, | . | al Percentage _ ae - | Number of larvae | 
— wee = — | . = a attachment +S.E. | ane | attached to: Preferred 
|} paint | to |- _————| greater |——— = — 
| ‘oti srmened | Defilmed | * atta! | Filmed | Defilmed | surface! 
| |} panels | panels half | half | 
2 % | % | % 
Series C 
Hot plastic (matrix| 12 | 37.0 | 4 |13434] 6424, — | 13| 8 . 
composed of equal 
parts of ester gum} 13 | 32.0 | 4 61+4.7 1432 Filmed | 65 11 Filmed 
and paraffin) | 10 2744.7) 1+1.1|/ Filmed | 
| | | | | } 
14 | oO | 4 |9940.9)9741.4) — | 165 | 77 | Filmed 
| | 
(control)| 6 | 77+5.9) 81+5.5) —- | 3h] 5 | Filmed 
6 | 8243.8) 8543.6 —- | 39] 21 | Filmed 
| 10 | 8545.0/9044.2) — | 
sctnlinatieanntnapeieniaiaiia | aaa Pasewcntielh accent sate acctateian 
Series D | 
Hot plastic (matrix! 15 | 40.0 | 4 | 943.1] 341.5) — | 7] 2] — 
as in Series A but | 
with ester gum | 16 | 32.0 | 4 | 3244.4) 17+3.7) Filmed 79 | 19 | Filmed 
substituted for 
25% of the w.w. 17 | 240 | 4 | 49+5.0| 2943.9) Filmed | 94 | 49 | Filmed 
rosin) 
| 18 | 16.0 4 | 11+42.7|57+4.0| Defilmed| 48 | 27 | Filmed 
} 
| | | | | 
19 | 8.0 | 4 | 8143.5) 8143.3) ~ 107 | 64 | Filmed 
| | | | } 
| | | } j } 
20 | O | 4 |99+0.9| 9741.4) 165 | 77 | Filmed 
| (control) | 
Series E | | 
Ground glass 2 0 | 6 |91+4.0)61+6.9| Filmed | 45 | 4 | Filmed 
| (control)| 6 | 9142.8) 525.0| Filmed | 65 | 23 | Filmed 
| | ' 





1 Only statistically significant differences or preferences in larval attachments are indicated; 
dashes signify no significant difference. In several instances, the number of larvae attached was 
too small to give significance to the differences between filmed and defilmed panels in the no- 
choice test, or to the deviations from the 1:1 ratio expected by chance in the choice test. 


to mention that the larvae do not attach to the smooth glass sides of the container 
unless it is smudged or filmed. 

When offered a choice between filmed and defilmed areas, however, the larvae 
consistently and definitely preferred to attach to the slime film, regardless of the 
composition of the underlying paint (Plate I, Fig. 2). The average ratio of num- 
bers of larvae attached to filmed and defilmed areas of the non-toxic panels was 
nearly 4-to-1; in every instance, there was a significant deviation from the 1-to-1 
ratio that would be expected on the basis of chance. 

Whether the larvae actually “choose” attachment sites is an open question. 
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TABLE II 


Chemical tests on paints after four or ten weeks of seasoning in the laboratory 





Leaching rate* 
ug. Cu**/cm.*/day 








Copper in slime film 


Series and paint number 
(% ot organic matter) 


(see Table I 












Filmed Defilmed 











\-1 22.4-28.1 31.7-24.1 7.37 
2 21.1-19.4 28.0—23.7 8.22 
3 16.0-14.0 19.4-14.0 4.50 
4 19.0-13.5 20.9-11.5 4.61 
5 5.1— 6.9 5.6- 5.8 1.41 
6 ener 






(control) 












B-7 18.9-14.3 29.7-14.1 6.73 
8 19.7-14.1 29.2-13.3 6.40 
9 14.6-14.1 16.8-13.0 8.39 
10 4.2— 3.5 3.6- 3.8 1.44 
11 . 








(control ) 





C-12 \ 
13 7.0 14.3 
14 = 


(control ) 














D-15 








16 16.4 20.5 2.95 
17 16.3 16.7 2.45 
18 10.8 10.8 1.88 
19 6.2 37 0.83 
20 









(control) 






E-21 


(control) 

















* The first values given for Series A and B are leaching rates obtained after the panels had 
been seasoned four weeks; the second are those obtained after a 10-week seasoning period. 






They seemingly explore a relatively sizeable area for considerable periods of time 
(sometimes several hours) before settling. Sensory cilia at the aboral end of the 
larvae are probably employed in selecting a favorable location for attachment. 
Whatever the mechanism involved, the data clearly show that slime-coated sur- 
faces are preferred by the larvae, but they will attach equally abundantly if such 
are not available. These findings need to be kept in mind in interpreting larval 
reactions to filmed versus clean toxic surfaces. 










Effect of slime film on attachment of Bugula larvae to toxic surfaces. 








The attachment test data (Table 1) show that the slime film may influence the 
antifouling properties of a toxic surface in one of three ways: (1) it may have no 
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FIG. 2 


Pirate I, Attachment of Bugula larvae (black dots) to non-toxic test panels (Table I, 
No. 6) with and without coatings of slime film. 

Figure 1 shows about equal attachment of larvae to a completely filmed panel (upper), 
and to its duplicate (lower) from which the slime film was completely removed. The larvae 
were given no choice between the two types of surface in this test (no-choice test). 

Figure 2 shows that Bugula larvae prefer to attach to film-coated surfaces when given a 
choice between filmed and defilmed areas of non-toxic panels. The two panels shown represent 
the front and back sides of a single panel as used in the choice tests. The slime film was re- 
moved from the two end quarters of the front side (represented by the upper panel) and the 
center half of the back side (represented by the lower panel), so that half the surface area of 
each panel was cleaned and the larvae thus had an equal chance of settling on a filmed or a 
slime-free suriace. 
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apparent effect on surface toxicity; (2) it may render the surface less repellent to 
larvae; or (3) in special instances, it may make the surface more repellent. 
These effects will now be ‘considered in greater detail. 

When offered only film-coated or only clean panels for attachment (no-choice 
tests), the Bugula larvae settled about equally on either in most tests (Table I). 
Painted surfaces with high leaching rates and high copper content (Table 1: Nos. 
1, 2, 7, 8, 12, and 15; and Fig. 1) permitted only a few larvae to attach, regard- 
less of the presence or absence of a slime film. Slime films formed on these paints 
had relatively high copper content, as would be expected. As leaching rates de- 
creased, especially below the “minimum adequate level” of 10 yg. of copper per 
square centimeter per day (Ketchum, ef al., 1945), more larvae were able to at- 
tach, and sometimes there were significant differences in the numbers attached to 
filmed and defilmed panels (Table 1: Nos. 3, 4, 5, 10, 16, 17, and 18). These 
differences occurred only in tests on panels that were seasoned four weeks and dis- 
appeared when they were seasoned an additional six weeks. In general, the results 
of the no-choice tests show that the leaching rate is the primary factor regulating 
the attachment of Bugula larvae (Fig. 1), and that the slime film is a secondary or 
modifying factor which becomes more important as surface toxicity decreases. 

When given a choice between filmed and defilmed surfaces, however, the 
Bugula larvae show marked preferences in attachment (Table I and Plate IT) 
except in tests on the most toxic paints in each series. These paints allowed at- 
tachment of but few larvae (as in the no-choice tests), and no preference was ap- 
parent. In all other tests, significantly greater members of larvae attached either 
to the filmed or to the defilmed areas. The results of the two attachment tests 
are quite consistent; if larvae attached in greater numbers to filmed panels in the 
no-choice tests, they generally preferred the filmed areas of panels in choice tests 
and vice-versa. 

In interpreting the results of the choice attachment tests, one must remember 
that the larvae normally prefer to attach to the film-coated areas of non-toxic 
panels. Therefore, their preference for filmed areas of toxic panels does not neces- 
sarily mean that the defilmed areas are more toxic. But preferential attach- 
ment to clean or defilmed areas, which is the reverse of the normal tendency, can 
only mean that the film-coated surfaces, in such instances, are more repellent 
to the larvae. Some of these differences presumably were too slight to show in 
the no-choice attachment tests. Corresponding and_ significant differences in 
larval attachment obtained in both the choice and no-choice tests, however, may 
be considered more important. : 

The presence of a slime film did not seem to improve the repellent properties of 
toxic surfaces except in one group of paints, namely Series A. Here the larvae 
consistently preferred the defilmed: areas of toxic panels in the choice tests and 
attached in greater numbers to the defilmed toxic panels in the no-choice tests 
(whenever any differences were exhibited). In toxic paints of all other series, 
the larvae preferred the filmed surfaces in the choice tests, and sometimes attached 
in greater numbers to filmed panels in the no-choice tests. 

The rather clear-cut difference between Series A and all other series in the di- 
rection of larval attachment seems to be associated with the composition of the paint 
matrix, more particularly with its resinous ingredient. The combination of w.w. 
rosin with cuprous oxide, as in Series A paints, seemingly produces surface slime 
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FIG. 2 


Pirate II. Reversal of preference otf Bugula larvae in choice attachment tests on two 
different kinds of copper-painted panels. 

Figure 1 shows a larval preference for slime-coated areas (end sections of upper panel and 
center sections of lower) of a slightly toxic cold plastic paint (Table I, No. 9). This does not 
necessarily indicate that the defilmed areas are more repellent since the larvae also prefer the 
filmed areas of control panels in these tests. 

Figure 2 shows a preference of larvae for defilmed areas (center section of upper panel 
and end section of lower) of a slightly toxic hot plastic paint (Table 1, No. 5). This indicates 
that here the slime-coated areas are more repellent, especially since the filmed areas are pre- 
ferred in the control for this series of paints. 
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Figure 1. Attachment of Bugula larvae in relation to leaching rate and the presence or 
absence of slime film. Filled data points indicate results using test panels coated with slime 
film; clear data points indicate results with clean (defilmed) panels. Series A paints are repre- 
sented by circles, Series B by squares, Series C by upright triangles, Series D by inverted 
triangles, and ground glass by diamond-shaped points (see Table I for description of these series). 

Note that few larvae (less than 20 per cent with few exceptions) attach to panels having 
copper leaching rates greater than 10 micrograms per square centimeter per day (the “minimum 
adequate leaching rate” of Ketchum, et al., 1945), regardless of the presence or absence of 
slime film. At leaching rates less than the minimum adequate level, most of the Bugula larvae 
attach (usually 75 per cent or more). 
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films that possess special repellent properties. The effect cannot be attributed to 
w.w. rosin alone, since the non-toxic slimes formed on the control panels in 
Series A were attractive to the attaching Bugula larvae. Substitution of ester 
gum for all of the rosin (as in Series C) or even. for one-fourth of it (as in Series 
D) reverses the direction of larval attachments, i.e., the filmed surfaces are then 
preferred. 

There is no ready explanation for the demonstrated association between the 
greater toxicity of slimed copper-paint surfaces and the presence of w.w. rosin as 
the only resinous ingredient in the paint. It cannot be explained on the basis 
of leaching rate differences between slimed and clean surfaces, since filmed panels 
coated with Series A paints have lower leaching rates than their defilmed dupli- 
cates, as is true for all series (Table I1). This should favor larval attachment 
to filmed rather than to defilmed surfaces, but in Series A tests the Bugula larvae 
tended to avoid film-coated surfaces, even if it meant their settling on clean sur- 
faces having higher leaching rates. Neither can the phenomenon be explained on 
the basis of the copper content in the slime film because slimes formed on Series B 
paints contain as much, if not more copper than those formed on Series A paints ; 
yet the direction of larval preference in these two series is exactly reversed. Fur- 
ther biological and chemical studies are needed to clarify the effect of matrix ingre- 
dients on the toxic properties of slime films, and indeed, to learn more of the nature 
of these films and their components in relation to fouling. 
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SUMMARY AND CONCLUSIONS 


The presence of a slime film on non-toxic substrates facilitates, but is not pre- 
requisite to, the attachment of Bugula larvae. When given a choice, they prefer 
to settle on slime-coated rather than slime-free non-toxic paint surfaces, but, if 
the former are not available, the larvae will attach equally abundantly on clean 
non-toxic paints. Significantly fewer of them attach, however, to clean than to 
filmed ground glass, and practically none to clean smooth glass. 

On toxic (copper-paint) surfaces, slime films may decrease, improve, or have 
no apparent effect on the antifouling properties, which are determined primarily 
by the rate of diffusion (leaching rate) of toxic ions from the paint. Slime films 
produced by surfaces having high leaching rates apparently do not affect the 
repellent action of those surfaces, since few Bugula larvae are able to attach 
whether a slime film is present or not. Films formed on moderately or slightly 
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toxic copper-paint surfaces usually make them somewhat less repellent to attach- 
ing Bugula larvae, probably by decreasing the leaching rate. Sometimes, however, 
slime films may improve the repellent properties of toxic paint surfaces, namely, 
films formed on hot-plastic copper-paints containing w.w. rosin as the sole resinous 
ingredient. Substitution of ester gum for all or a part of the w.w. rosin, or the 
use of other types of matrices reverses the effect, since Bugula larvae then prefer 
filmed to slime-free surfaces. 

The demonstrated association between the composition of the paint matrix and 
the effect of slime films cannot be explained on the basis of leaching rate differ- 
ences between filmed and non-filmed surfaces, nor on the basis of the copper con- 
tent of the slime. Further studies are needed to clarify the relationship between 
matrix composition and the nature of the slime film. 
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NUTRITION AND SEXUALITY IN PROTANDRIC GASTROPODS 
OF THE GENUS CREPIDULA " 


WESLEY R. COE 


Osborn Zoological Laboratory, Yale University, and Scripps Institution of Oceanography, 
University of California} 


It is well known that the nutrition of the Crepidulas and other fixed or 
sedentary ciliary-feeding gastropods depends upon the ingestion of minute organ- 
isms and particles suspended in the water. These materials are brought to the 
gill by ciliary action’ The water in passing through the gill is filtered through 
sheets of mucus secreted by the cells of the gill. Many of the suspended particles 
are caught in this mucus which is then carried by ciliary action through the long 
food groove on the dorsal surface of the body and thence to the mouth. The 
larger particles are carried directly to the mouth from the anterior end of the 
gill, as so fully described by Yonge (1938). 

These ingested materials consist of dinoflagellates, diatoms, bacteria and other 
phytoplankton, together with various kinds of flagellates, ciliates and other proto- 
zoa, Ova and spermatozoa of invertebrates, and a large proportion of detritus de- 
rived from the disintegrated cells of any unicellular or multicellular plant or ani- 
mal. Particles of sand, of mollusk shells, and other inert substances are included 
in the stomach contents. 

Young individuals have some capacity for locomotion and obtain part of their 
nutrition by browsing on particles similar to those already mentioned but which 
may be attached to the substrate. The radula with its many teeth is an efficient or- 
gan for this purpose (Coe, 1947). 

The question now arises as to the necessity for this nutrition in order that the 
individual may realize normal sexual development. It should be remembered that 
all species of Creptdula of which the life histories are known normally experience 
a functional male phase when young and later change to the female phase. 

It has been shown by Coe (1936, 1938, 1938a) that the age at which the male 
+ phase becomes functional and the duration of that phase varies with the species, 
with the individual and with the environmental conditions. In this and related 
genera the functional male phase may be recognized externally by the presence of 
a relatively large copulatory organ, the phallus, posterior to the right tentacle. 
This organ usually becomes of functional size only when the gonad has supplied 
enough spermatozoa to fill the spermatic vesicles. Its outgrowth from the body 
generally begins with the onset of active spermatogenesis and its retrogression in 
the phase of sexual transition accompanies the termination of sperm formation. 
These sexual phases in Crepidula plana have been fully and accurately described by 
Gould (1917). ; 

There are many irregularities and some exceptions to this general rule, for in 
some individuals of Crepidula adunca the phallus has already begun its growth at 


1 Contributions from the Scripps Institution of Oceanography, New Series, No. 364. 
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the time of hatching and before the onset of spermatogenesis. In both C. fornicata 
and C. plana the male phase may be aborted experimentally and the phallus is either 
not formed or it is developed to only a small fraction of its functional size, pre- 
sumably because of abnormal conditions. This means that the only functional 
phase, if any, experienced by such an individual is female (Coe, 1936). An older 
individual, after having passed the period of life when the male phase would nor- 
mally have appeared, seems to have lost the capacity for inaugurating that phase 
when conditions for normal activities are restored. 

Not only in mollusks but in all groups of animals and plants, the extent and 
periodicity of the sexual processes are distinctly responsive to environmental in- 
fluences. Abnormal temperature, toxic substances in the water, lack of oxygen 
and lack of food have all been shown to influence both the time and extent of 
development of both male and female phases in Crepidula. The extent, but not 
necessarily the onset, of the male phase is also influenced by association with an- 
other individual in the female phase (Gould, 1917, 1917a, 1919; Coe, 1936, 1938, 
1938a). 

In C. plana, the young snail when it leaves the protection of its mother’s foot 
is only about 1 mm. in length but normally grows to a length of 4 to 6 mm. before 
beginning active spermatogenesis, with the concurrent outgrowth of the phallus. 
The increase in size is obviously dependent upon access to the food materials al- 
ready mentioned. Microscopic examinations show that the sea-water supplied 
at most marine laboratories, including those at Woods Hole and the Scripps In- 
stitution of Oceanography, contains far less of materials required by the young 
snail than the water before it enters the supply system. 

The nutrients available may be sufficient to permit a relatively slow increase 
in size of the body but without the usually associated development of the reproduc- 
tive system. The experiment recently reported by Gould (1947) appears to be 
a good example of such a condition, and similar results have been observed many 
times in past years. The failure of the young snails to realize sexual maturity in 
the male phase is presumably not to be construed as due to the lack of opportunity 
for associating with larger individuals as Gould (1917a, 1919, 1947) supposed but 
partly to lack of sufficient nutrition. Under similar conditions, but with a suitable 
food supply, the normal male phase is realized in a large proportion, but not in all, 
of the experimental animals. 

If instead of keeping the young snails in clean dishes of running water they are 
placed in jars of water containing Ulva and the slimy algal growths from other 
aquaria or mud-covered stones from near low-water level on the seashore, the nec- 
essary microorganisms and detritus will become available and normal development 
often occurs. The snails may be kept separately in vials open at both ends if 
desired. Mosquito netting tied over the ends of the vial will keep the snail from 
wandering and the outgrowth of the phallus can be watched without disturbing 
the occupant. The overflow water from a well-stocked aquarium is also suitable. 
It is equally satisfactory to keep the open-ended vials or empty mollusk shells in 
a wire-screened box immersed in the sea. It is common experience that young 
individuals of oysters, clams, mussels, tunicates and other ciliary-feeding inverte- 
brates cultured in the water at marine aquaria likewise usually realize sexual ma- 
turity only when additional food is supplied, although similar individuals develop 
normally in the open sea. 
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In nature, Crepidula plana occurs not only within large snail shells, often oc- 
cupied by hermit crabs, but also on other objects, including wooden structures, 
stones, shells of many kinds and king crabs. In such situations the young may 
wander far from any other individual. Such solitary individuals are often found 
in the fully-developed male phase, although their instincts lead them to find an- 
other individual if possible. Others are left far behind when a hermit crab carries 
the mother and her companions away. It is obvious that such isolated individuals 
although sexually mature, must remain sterile throughout life unless young male- 
phase individuals find them after they have reached the female phase. 

It is concluded from these observations and experiments that the development 
of the male phase in young individuals of Crepidula plana does not require that 
a mysterious “male-producing stimulus” should be transferred from an older indi- 
vidual provided that an adequate supply of suitable food is available, together with 
other normal environmental conditions. And this is likewise true of all the other 
species of the genus which have been investigated experimentally, namely: C. 
adunca, fornicata, lingulata, nivea (nummaria), norrisiarum and onyx. Neverthe- 
less the masculine characteristics are usually more highly developed and are re- 
tained longer in individuals that are associated than in those that remain solitary. 
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